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MIRROR BENDER/SYNCHROTRON LIGHT BEAMLINE 
 
This thesis presents the design study and prototype fabrication of a curvature 
adjustment system of a focusing mirror, or a mirror bender, in a synchrotron light 
beamline. The mirror is functioned to adjust the beam size pointing on a sample in an 
experimental station. The curvature adjustment of mirror is complex. Knowledge of 
various engineering areas is required for this work. This the first time that such a 
system is developed in the country. Finite element analysis using COSMOSWorks has 
also been employed to find out the relationship between the radius of curvature of the 
mirror and the acting force. The materials of the mirror investigated are Al Alloy 
(6061) and Zerodur. The dimension of the mirror is of 40mm × 300mm × 15mm. The 
mirror bender is made of stainless steel. A required radius of curvature is in the range 
of 50,000-60,000 mm. From the simulations, to achieve the required radius of 
curvature, the applied force of 100-150 Newtons and 150-200 Newtons is required for 
the mirror made of Al Alloy (6061) and of Zerodur, respectively. It was also found 
that the applied force over 300 Newtons will reach the maximum yield strength of the 
mirror bender of 80% and thus will damage the mirror bender. The prototype of the 
mirror bender was built and tested with an Al Alloy (6061) mirror. It was found that 
the actual acting force to bend the mirror with a required radius of curvature is 50 
Newtons lower than that obtained from simulations that could prevent and help the 
system from real damage. The prototype may need further development. However this  
  
 
 
 
 
 
 
 
work has proven that the system for adjusting the radius of curvature of a mirror can 
be designed and fabricated in the country. The system would cost about 2.5 million 
baths if one imports from abroad. This work costs only one fifth of a commercially 
available system. 
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X-PEEM =  X-ray Photoemission Electron Microscopy 
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 3.  
# 
 0	

 $

 	


=
# #,'<,
&%
M!&&$
'&
M! <%!"
0#$,!"
 _   	
 &# #	+%
0 $

M! <%	
'
,j% 
# 
	


%'&		
% LIGA (Lithography and Galvanoplating of Electrodeposition) 
#
&%
M!
=!# 	

	%%	!'<%# 
#
&%
 LIGA '% 8
=M! <,!"#
'&	
$
%
!	%	!	!#! 
    
2.2  (($  )	% (Beamline and End Station) 
 
&&!!!=!9%
&	'(	


# %+!'i+		# #
%	
$0' +	


# #%' _ #


'&%'	'(!)'+#
) 
&&
'!%'%'	% (
&&!! !=!, 
)*01&'
%'	
	

$  8,8<*'&	%
,!
'%'M*#  
 
'<
&&!!*#%'M''&%	
,!"
#  bending 
magnet $'
* 2.2 ''<	

 _ $!'<	$
# #%' 
'<
:09 undulator (U60) #
M! VUV & 
soft x-ray +# #%' photoelectron emission microscopy (PEEM) ! 
transmission x-ray microscope (TXM) 
'< wavelength shifter (WLS) #
M!
'0
+!'*+# 
 0 lithography, micromachining ! metrology !
'< 
superconducting multipole wiggler (SMW) #
M!
'"0+!'*	%,*+# 
#%' x-ray absorption spectroscopy ! protein crystallography 9  
()*01&'
%'	
	

, 2549) 
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* 2.2 $'<
&&!! Bending magnet 
 
2.3 9!
:""'	9"	; < (X-PEEM) 
 X-ray Photoemission Electron Microscopy (X-PEEM) 9			'(		$8
$
'&

0# 
 0	

 # $!'
=+8	%
=
#
,,%'=,!"%!!

)0 '%$

'&
% 20 
 !9	
	'(%)
0)'+*$
'&# #
%'!+'v%')
0 	! %)
0%!!%)
0
 % $!'
, X-PEEM 


'"0+!' (soft X-rays) $

'
'!
%!(() (vacuum ultraviolet $

% extreme UV) 		%
%	!$
!"
#,
'%
)8;#$

!!+!'
% -!"
 +!',-!"
,8<*'&

'& '<+!'#  !	%%	!,
'"0# 
-
!"
!!&
%:,M)*0!
: 2-100 	
=*

%&
% !,
:0$
'&
!!!"
!,!!"

!';:	!'&
:0# !!!"
!,!!"
#!!

)0 SEM  
!,!"
=*,
+&i
'&'#
* 2.3 8#$

=

%	
$0 	&
%:!" _ (<100 
) 
'&	%,$
	%-%,+ 
 
Bending magnet 
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!';:M%  , 	-x0 ' (work function) ,%' !!';:,
$!"  
 
 
 
 

* 2.3 M+$!'
, PEEM  BL7.3.1 , Advanced Light Source, US 
 
2.4  BC	((( 
  
&&
'&	%	,
9%
&	'('$8,
&&!! 8
$#

'&-'$
,!#$
 +
0# 		
 _ #%'	

 
:0
=&	+!'

!
=# 
 0
!,:$*
&&+<M%,

'% (Zhang et al., 1997) 8!$
'&

'&	%	
 0$
'&
%'=
	0'!% 
!
*
,
&& _   

& (cylindrical 
shape) # !!$

&&%
0 (Carl Zeiss, D-7082 Oberkochen, Germany) 

#$0!'<,
$
#$
'!'<,,&
	
! (Müllender et al., 1995, 1997) $


'&!	%$,
 9 !


'&!
*
,
&&%
 (Elliptical bending) +	



'"0 
#$0!'<	%%,
 (Padmore et al., 1996) 
$

!	%$%' (Howells and Lunt, 1993) #  Piezoelectric bimorph mirror (Susini 
et al., 1994; Zhang et al., 1994) $
'&
+'v
&&
'&	%	+	

 
(Signorato et al., 1998)  
X-ray Beam Electron Microscope Lenses 
Objective Lens 
Sample Magnified Image 
MCP 
Projective Lens 
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  $
+'v%R Flexural hinges 89%R
&&	

,!"!
9	

%'<
&& &&,8<$
'&
'&	%	,	
!& (Henins, 1987) 
!
+'v$
'&
'&	%	,
$ (Ziegler, 1995; Ziegler et al., 1996) 

# 	

&&#
&&$!',
&& (Howells and Lunt, 1993) 
+'v

&&
'&	%	$
'&
'"0+'v Tayama (J. Tanase, et al., 1997) !
#  Spring-8 (T. Uruga, et al., 2001) : 
)( &
&&#  LTP II 
(Long Trace Profilometer) %'
!!,	%	,8< 
!+
M! _ %	
$0   
%'	%	<	 M!
&
!,:$* !
M!
=%,! 9 +&%
&&'!%#$M!9+# "',	
	%	!	!

&% _ ,
&&
,8< (N. Kamachi, et al., 
2002) 
+'v$
'&-'
'"0+!' # 
M%$9
!';:	%	&&%
 (Elliptical bender) %%R Arm method !# `
0#

M
$
'&
'&	%	 
&+&%M!
#$
R+ 49% 
!		%	!	!,8<*'&,,! (beam size) !
&&
&&

,8<$
'&'< _ (N. Kabonu, et al., 2006) 
 
&&
'&	%	

0!+'v# '&		
! _ '<#

'"0+!' (soft X-ray) !
'"0+!'* (hard X-ray) $
'&+!'*
'<
# #%' Protein crystallography '
* 2.4 
&&
'&
	%	
$"%#  PZT (Piezoelectric actuator) #
M
+
'&	%	,
	
!,8<%' Si (111) 8M!
!#  LTP #
%'M! '
 
2.1 (NSRRC Activity Report, 2003, 2004) 
$"%
')	%		!!#$
		%	!	!	+,8< #
)
+'v
&&$
'&		 
X-ray Absorption Fine Structure (EXAFS) # `
0#
M
 

'<!! INDUS-II Synchrotron Source  
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* 2.4 
&&
'&	%	
$
'&%' Protein crystallography 
   , Taiwan Light Source (TLS), Japan 
 

 2.1 
')	%	!	%	!	!
%'#  LTP 	 _ 
 
')	%	 (m) 		%	!	! (urad) 

'&	%	 
R1 
R2 
R3 
R4 
104.3 
68.9 
58.7 
45.2 
30.2 
16.3 
19.0 
19.7 
20.5 
21.0 
 
 # 2006 Eric Johnson !	: +'v
&&$
'&-' White Light (white 
light focusing mirror)   National Synchrotron Light Source   
)$
'a
 $
'&=
! NSLS X28C whitte light beanline 
&&'!%'
* 2.5 	


$!"!
 !&&$
'&# #
&&(()
=	%&	

'&
	%	 5 
 
M
$
'&,'&	! 
'&	%	&&#  DC 
Servo Motor M!
&+&%	%	!	!,
&&
: 2 urad "9
+#$
'&
# $
'&		'!% (E. Johnson, et al., 2006) 
 
SST Bending Structure 
Flexible Hing 
Si (111) Ga/In 
Water-cooled Cu Substracte 
PZT Vacuum Brazing Joint PZT 
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  

'&-',!!" _ 
'<9
'& !$
'&

#$0$

	%
* (Padmore et al., 1996) 
)8;
&&
'&	%
	&& _ M +&%
+'v!# $
'&		 _ #%' 
 
 
 
 
 
 
 
 
 
 
 
 

* 2.5 
&&
'&	%	
$
'& White light focusing mirror 
                              National Synchrotron Light Source, USA   
 
	

 8%'
# #
,8<*'&
&&$
'&		
'< _ i+   =! X-PEEM : $&'
 =&'%' 
	

 #%, M2V # 
,8< Zerodur 89%'M
$%
%!
	 
!!:$* 
'!%=*,'M%$#$

&#!';:

&+-'	

 
 !%,$"%
&&
'&	%	,
'<	%	'(
$
'&
&&!!!=! ''<%'<8!%R
'&	%	
&&
, +9
:)8;
&%
 _ #
&&
&&!9	
'<

&&
'!%=*+'v,8<#
) 
'<
&&!
,'&	! 
!!
%	
$0M!%R-0!0
9 
'&	%	&& !
&
+$	%'+'R0
$%
#$'&
&&!
*
,
! +M!
+'v!9,*!,
&&  <% _ M!,8<#
)

	
! =&'%'	

 (	0
$ ) 
  
 
 
 
 
 
 
 
 3 
	

 
 
	

	


 SOLIDWorks )* +,*
*-

.+/01+-23455* )6155
+
3 
..*5)7+3
+-)6.-8)61
23
 
	
9:3*+,123

,+,1),15 
2
++ -3
/
,6 Al Alloy (6061) ),)+,
 Zerodur 
	/G8.*),3+,1)/
*.* H ),/9,/9,5I5+://)+:

 COSMOSWorks 2- +)78)	613
+,1)3 -3),.)	61-5/.*5 
 
3.1  !"	
#$"%&"%' 
3.1.1  	 (Pure bending) 
  -3
36*+,14L+-L*36).:
+,1
+
5*,61) )),*
4L+-
 01+-23)/).
+,1),* )
 (bending stress) )	,*),25*,)R6) 
  -3
+,1
-3
2.
R
)),* 4L
+-
 36 
9 (ordinary bending) 01,8+-23)/+

 
)R62 .
* AB 2L+,1 3.1 46*4L+-
9)	,+,1 
C  D +-23)/)R6
 ().:
) 2 *)R	* CD 46
*4L+-
)	,
)	,*), 
3.1.2  45 (The flexural formula) 
  
WG+,1+/)+,1)/3.
2 H )61

-3
 )7)61+,1**
0
0 .**5X.)X4-)
3
+G/..:.:223)3
-G+/.:

./Y
.*5, 
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L+,1 3.1 

 
 
1. .,
WG.*
-3
+ .,	6+,13.

1-).+
 
2. 36-3
++,1+-.8*.. 
(plane of symmetry)  
3. .+-
+,1)7)6),
. 
4. 36-3
++,1+-.5*)/,-
63*

 
16 
	
9:3*)),)75._ ` (Hookebs 
Law) 
5. *L
63*2


.)+*
 
6. .
 (Plane section) *
-3
+.)7
)36)/g3

-3
+ L+,1 3.2 ()  ()  ppqq ),1)7 
p´p´q´q´ .*
L*2)/ +	* 8+,152),
./Y.* H
)3*, 
	/G* CD 2L+,1 3.1 014L+-
 ./23
*)X H LL:-
L+,1 3.2 ./Y. CD  
D 
)R6 

 
  
 
 
 
 
 
 
17 
ff 
 
 
L+,1 3.2 

 () .. ()  
 )+/ () ),1L3.
 
 
),1L*1-))7) )2 (fibers) .
3.
* L*1-))7) )2 (fibers) .
3.
 *

 )2*6.
 *
 ,)2
*31+,1L*3****,+,1 )61)7L:),* 8*
)+/ 36 )+/ (neutral surface or neutral plane) 
L+,1 3.2 () 
 *+,1.

3*)+/..),* )+/ 
(neutral axis) 6 ) cd 2L+,1 3.2 ()  () 
)+/ 
)+/ 
)+/
3.
 
() 
() 
() 
  
 
 
 
 
 
 
18 
*+,1.

3*)+/
3.
2 H ),* m
)+/3.
n 6  z 2L+,1 3.2 () 
)61),1L)7) ./23
,)+/6 ρ  
,L:+,1 O 
L+,1 3.3 	/G3.
 pq  mn 01)/L*3*
)7
 dx )61),1L pq ),1)7 p´q´ * mn 01)73.
13* cd 
)/  ab )+/)+*
 dx )36)/ 
 
 
 
L+,1 3.3 ),1L)7) 
 
+,1L: O 
 ab 6 
ρ
θ
dxd =  )2 ef 2 H +,1L*2.)+/)7+ y 6)7
23* e´ f ´  
16 *6 
ρ
θ
ydxydeeef === '  

 ),2 ef  6  
   
 ρρ
ε
y
dx
ydx
ef
ee
x ===
'                                             (3.1)     
           
  
 
 
 
 
 
 
19 
 3.1 )3X*),.. y )22 H +,1L*2.
)+/6.
 (y )7 +) )22 H +,1L*)+/3.
 (y )7 -) 63
+,1+,1)26 )61 y ,*+,1 +,1)+/ (y =0) 5*,63_
 ` xx Eεσ = 

      
 
ρ
σ
Ey
x =                                                     ( 3.2)
   
 yE
xσ
ρ
=
1                                             (3.3)
     
 *).g2.
)7).

L+,1 3.4 
 
 
 
L+,1 3.4 () ).g2.
 
Dddddddd () )g2.
)61	/G	6+,1)X H 
 
() 
() 
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	/G	6+,1 dA )X H 3.
2 H 01L*3*)+/3
.
)+*
 y 
L+,1 3.4 () 2 dA 6 ydAEdAdF x ρ
σ ==  )61


 5*,g+-.*. 

 0== ∫
A
ydAEF
ρ
 )	*  
ρ
E   
)7*+,1  ≠  0  

 yAydA
A
==∫ 0  +,1 A= )7	6+,13.
, y = 
)+/3.
5
)0+: .* 0≠A   

 0=y  
 *)+/3.
2 H .8*)0+:3.

 dF 
	6+,1 dA *23)/).:)+/)+*
 dM 

 dAyydFdM xσ==  
8).:)3*,+
33.
.)+*
*).:
 M 3.

 
∫ ∫==
A A
x dAy
EdAyM 2
ρ
σ  +* ∫ ==
A
dAyI 2  ).:)R61)+/3.
 
 
 5  
ρ
EIM =                            (3.4)
                                                          
 36  
EI
M
=
ρ
1                                          (3.5)
                                          
 3.5 * ρ/1  )+/)7
.*.
*
).:
 .*88

* EI +* 3.5 2 3.3  
 
 5  
I
My
x =σ                                                              (3.6) 
       
  3.6 ),* L.
 * xσ  )7*)
 (bending stress) +,1)/2
+,12 H 3.
+,13*)+/)7 y  
 )61	/G,)61+,1 v ` 3.6 
 
 5*  ,z zx x z
z z
M y M y
EI EI
ε ε ε ν= − = =                            (3.7)                              
 
  
 
 
 
 
 
 
21 
+,1  zEI  6  X.*.
. Z 
 
   
 L+,1 3.5 .
*),1..* H 23*+,1L*2
,*)7L: L)7*)/1.)61,L*.L*+,1
),15 )	)7*-
w2
	6YL*+,1)/)61,
23).: 01*//)+:)X H .4L*+,1)/ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
L+,1 3.5 ),1L*)61)/ 
 
/)3:)	613L.
., .
L*./Y+,1

36,
)R	).:
)/)+*
 2G,+,1,)R6)/36+,1),* 

9
 3.
/),5)61)R6 +-23.

5*)/3

 *5X.2-G *).+,1


+
15X46* L.
23-.+,14L.*	25*46*)R6+,1)/
3.
,8.**)
..**2 
  3.1.3  #>
 
+
15-3
23).:+,1+


6 1 1M hF=   2 2M hF=  
L+,1 3.6 

,4/)3:
O2 
O1 
+Mz 
n 
m 
+Mz 
Beam 
axis 
-y 
x 
y 
rx 
+Mz 
Beam 
axis 
+Mz 
n 
O1 
rz 
m 
rx 
 
θd  
θd  
sd  
  
 
 
 
 
 
 
22 
2+xWv,+5,-)4L.-3
/)3: Roark (Young, 
1989) L*+,1),15g2.23).: 1M   2M  49/5
+,1 3.8 .	
9:

 (Ugural and Fenster, 1995) 
 
 
 
 
 
 
 
 
 
 
 
 
 
L+,1 3.6 -5
 
 
 
2
1 2 2 1
2 2
F F F Fd z h
x
dx EI L
 + −   = +    
    
                                       (3.8)                              
 
+,1  E  6  *
:L

  
h   6  3*+,123
3  
I   6  ).:)R61 )61 t  6 3w  6  +,1 
|.. 3( /12)I t w=  
 L  6   
z   6  .+,1),15  
x   6  . 
 
  G
./
323+,1+
 
4*.
5*23+-.*
.*,8 (constants 
represent bending-loss factors of the mirror bender assembly) +-23*
,)/1.,*5*)7L:
Z 
M1 M2 
L 
h h 
X 
F
1 
F
2 
  
 
 
 
 
 
 
23 
36L:),15 01,83+,1+

),15 (Zieglere et al., 1996) ),1
, (R) 4
G*5+,1 3.9 0123*23).:+
+-23L:
),153635*)+*


.,*I).:)	/1)26*
),g	 (Bending-loss factor) 

+,1 3.8 ),15,*I).:),
g	)7.
LG201)7*+,1L*
43
5+ 
 
 2
2
1 EIR
d z hF
dx
 
 ≈ ≈  
 
                                          (3.9) 
 
4.-3*
L+,1 3.7 +,1+ p 3*-)/)X0): s  

.+ θ  5.-3*I
+,1 a  )7+ q  +,1* 
G*,2./433* x  z 5	
 (Susini, 1992; Padmore 
et al., 1996) 6 2 2(1 ...)z x x xα β γ= + + +                     
ddd 
  
 
 
L+,1 3.7 .-3*+)X0): 
 
 
x 
 
z 
a 
q 
p 
θ  
  
 
 
 
 
 
 
24 
5
, ( )R x  6 
 
 1( )R x ≈
2
2
2 2 (1 3 6 ...)
d z
x
dx
α β γ= + + +                               (3.10)   
gg 
+,1 sin 1
4
p
p q
θ
α
 
= + 
 
, cos 1
2
p
p q
θ
β
 
= − 
 
, 
21 5
4 4pq
β
γ = +       
      
-3
*+,1g.
 (Constant cross section) L+L: (cubic) 4
G*L*,-3
 flexure bender 43*+,123
 1F   
2F  5 
 
 1
2 3
1 1 x
EI LF
h
β
α
δ δ
  = −   − −   
                                           (3.11) 
 
           2
2 3
1 1 x
EI LF
h
β
α
δ δ
  = +   − −   
                                                                                  (3.12)                       
 
G*-3
L+L:
5*)	,	 ),1g.

)7+,1
*-3
L*,),1*3 t   
w  . 
 
  
3
3 0 0
2
(1 3 )
1 3 6 ...
x t w
t w
x x
β
β γ
+
=
+ + +
                                    (3.13)       
                           
 +,1 0t  0w  6 *3)/1. (initial thickness) *)/1. 
(initial width)  2+v/
./4-G*-3

5
 3.11  3.12 ),1* t  36 w  )	,.
2.
31 * t  36 w  6*-

+ (tolerance limit) +,1)/23	
),1
)7+,1
*-3
),1g.
 (Padmore et al., 1996) 
  
 
 
 
 
 
 
25 
*5X.),1g.
4
L*,-3
-),.*5*

),1*	
 
 
3.2 	?&	@% 
 W5
-3
.:22/

0/. +,18*5,-)3/9, )* 
2L), 
+
3)7),25+:
 )7. 012/
,5)6

)	61. , 320 //). x  160 
//). x L 134 //). )
+,14
35g2)+ 
,
6 423
5*/
2G,+,1L:),15 5- SOLIDWorks 
)* 01
4+-523).:+,1+

 /9,8*
+
+,1./
3
 
 3 /./ +,1LG:
L+,1 3.8 
 
 
               
 
 
  
L+,1 3.8 -5
+,1 
  SOLIDWorks 
 
 5.* H +,1)7

4-)7* H 
L+,1 3.9 .+,1 3.1 
 
 
 
 
Mirror Clamper Mirror (Dummy) 
134 mm 
160 mm 
320 mm 
Rotating Support Arm Bender 
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    L+,1 3.9 *5
 
 
 	*,)3,)755
-3
-5/)61*23w*48/.5)+,1
4
/
0/. +-234
55*)61,	
.*36
)	/1)./2g3
 
 
 
  
 
 
 
 
 
 
27 
.+,1 3.1 ),5
.**+,1 
*+,1 61), 
1 Mirror  
2 Top clamper 
3 Arm bender 
4 Arm combiner 
5 Shaft 
6 Right plate for bender 
7 Base plate for bender 
8 Left plate for clamper 
9 Right Mirror clamper 
10 Left Mirror clamper 
11 Pulling up bar 
12 I bridge 
13 Bender handle 
14 Bracket for SP 
15 BS 6267 RBB-1015-Full,DE ,AC,Full_68 
 
  	*,)3 ,)755
-3
-5/)61*23w*48/.5)+,1
4
/
0/. +-234
55*)61,	
.*36
)	/1)./2g3
 
 
3.3 #	A	BC"?D?EB	B&E 
*.* H 5.


 )	61)7-8+-)6.5+,1 /)3:8/9,
5I5+:// )+:
 COSMOSWorks 01 )7+)	613

	
9:3*+,1*.* H +,123
.*),15
,+,1
)/ 	/G).+,123
)	615*23)/),3.* 
  
 
 
 
 
 
 
28 
-3)615G
./
8- COSMOSWorks  
,),
, 
 
 3.3.1  #	A	' COSMOSWorks 
    COSMOSWorks )7+/ +,1
-G)/
.
))+/-G+,1),* mFinite Element Analysisn 36),* H * mFEAn )	61
/)3:X X)X +-.* 01
 SolidWorks  COSMOSWorks )61L
 -/+,1 
SolidWorks -/)3: COSMOSWorks /)3:)/1
/*/)7*)X H (mesh) ,L+* H ()3,1 ,1)3,1) )
),* melements (//)+:)n /)X H .*)61
+
/ +-* 
)/).: FEA G*2.*//)+: *+/* 
-G8
 
.-G.*01, 3 
.
, 
  Preprocessing )7
.).,L)	61-G L.Y
,+
G
./
 (material properties) +- (loads) 
 (restraints) )7. 
  Solution -G38)R (solution) 363-. 
 Postprocessing 8
	9:-G2L/ 36I 
)7. 
 
 
 
 
 
 
 
 
L+,1 3.10 
.8 COSMOSWorks   
 
 
 
 
Preprocessing
-3
 
+- 

 
Solution 
-G8 
Postprocessing 
8
/)3: 
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 3.3.2  #> Boundary condition 
 1.  -8 COSMOSWorks )/1).,/
-3
-012/
,	/G)R	*
L*
++,1),15
-8+,1131
+ )61,.)	61)2
-G 3.*).,/
L+,1 3.11 
 
 
 
 
L+,1 3.11 ).,/3
-8 COSMOSWorks 
 
 2. -3G
./
+-3
 Al Alloy(6061) 
L+,1 3.12 
*5
)61-3)7 Stainless steel (AISI 304) 
 3. -3
 (Fixture) -3
)7336-3
23
).:
 01-3+,1 6+,11318/3
+8/

+
 
L+,1 3.13 L+,1 3.14 
 4. -3g (External Loads) +,1+-
 -3
/
,
5 4 6 (1) +,1)/
 (2) +,1)/+
 (3) +,1)/
4*  (4) +,123
-3
++,1*.* H 012 
1-3 )7*+,1 +,1-35)36
.+ *2 4 ),15.
+01)/1 0-350 /.
 -3	/).:
L+,1 3.15-3.18 
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 5.  -3 Mesh -3
).,/)3:8 2+,1,2 Mesh ),
 5 //). )618+,155*..*

)61)+,
-3 Mesh +,1
), 1-5 //).
*)28, -3 
Mesh 8

L+,1 3.19  L+,1 3.20 
 
 
 
L+,1 3.12 -3G
./
+-3
 Al Alloy (6061)   
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L+,1 3.13 -3 Fixture +,11318/3
+ 
 
 
 
L+,1 3.14 -3 Fixture +,18/
+
 
 
 
 
 
 
  
 
 
 
 
 
 
32 
 
 
 
 
L+,1 3.15 -3 External Load -3

 
 
 
 
 
L+,1 3.16 -3 External Load -3
+
 
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L+,1 3.17 -3 External Load -3
4* 
 
 
 
 
 
L+,1 3.18 -3 External Load -3
+,123
+,1*.* H 
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L+,1 3.19 -3 Mesh -3
).,/)3:8 
 
 
 
 
L+,1 3.20 8-3 Mesh +,1), 5 //). 
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  -8+/9,5I5+://)+:- COSMOSWorks )*
- 3G
 ./ 
  ++,1 + - 3
/ 
 , 6  Al Alloy (6061)  
Zerodur G
./)R	
.+,1 3.2 .+,1 3.3 -3
 Al Alloy (6061)  
Zerodur .-
 01 Zerodur )7/+,122-),, 300 //). 
x  40 //). x 3 15 //). )	61W8+,123
.**
,+,1
),15 .
*-8+/9,5I5+://)+:
L+,1 3.21 014,.* H 
4* stress +,1)/
 L)3X*4,.* H +,1),*
4* stress +,1,*.-
 
 
 
 
 
L+,1 3.21 .
*-8)6. COSMOSWorks 
 
 
 
Model name: Mirror Bender Assembly for Sim Al Alloy (6061) 
Study name: Study F_10N 
Plot type: Static displacement  UY (mm) 
 4.76e-3 
-5.52e-4 
-5.87e-3 
-1.12e-2 
-1.65e-2 
-2.18e-2 
-2.71e-2 
-3.24e-2 
-3.77e-2 
-4.31e-2 
-4.84e-2 
-5.37e-2 
-5.90e-2 
Max: 4.76e-3 
  
 
 
 
 
 
 
36 
.+,1 3.2 G
./)R	 Al Alloy (6061)  
Property Value Unit 
Elastic Modulus 
Poissons Ratio 
Shear Modulus 
Thermal Expansion Coefficient 
Density 
Thermal Conductivity 
Specific Heat 
Yield Strength 
69,000 
0.33 
26,000 
2.4x10-5 
0.0027 
170 
1,300 
55.1485 
N/mm2 
- 
N/mm2 
- 
g/mm3 
W/m K 
J/Kg K 
N/mm2 
 
 
.+,1 3.3 G
./)R	 Zerodur 
Property Value Unit 
Elastic Modulus 
Abbeb Constant 
Dispersion (nf-nc) 
Density 
Youngbsb Modulus 
Poissonbs Ratio 
Specific Heat 
Coefficient of Thermal 
Expansion Maximum Temperature 
92,000 
66 
0.00967 
0.00253 
9.1x109 
0.24 
2.99329 
0.05± 0.10x10-6   
600 
N/mm2 
- 
- 
g/mm3  
N/m2 
- 
J/Kg K 
/C. (20-30C.  ) 
C. 
 
 3.3.3 A	#	' COSMOSWorks 
    8-+,1*.* H )61-5I5
	
9:

L+,1 3.22 L+,1 3.23 )61-L+,1553
,+ (mathlab) 
	*)6123
)	/1+-23
,,*.+xWv, 
.+,1 3.4 
L+,1 3.24 
	
9:3*
,+,1),15 -
8
*W+,1131
++ )	61)2
8)61,.  
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F=350N
Dummy Position (mm)
He
igh
t (
mm
)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
L+,1 3.22 
	
9:3*.-3* Al Alloy (6061) 
+,1),15 
 
-160 -140 -120 -100 -80 -60 -40 -20 0
-4.00E-01
-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00
1.00E-01
F=10N
F=50N
F=100N
F=150N
F=200N
F=250N
F=300N
F=350N
Dummy Position (mm)
He
igh
t (
mm
)
 
 
L+,1 3.23 
	
9:3*.-3* Zerodur 
+,1),15 
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.+,1 3.4 
,+,1),15.**+,123
3* Al Alloy 
|||||(6061)  Zerodur 
Al Alloy (6061) Zerodur 
Force  
(N) 
Radius  
(mm) 
Max von Mises 
Stress (MPa) 
Force  
(N) 
Radius  
(mm) 
Max von Mises 
Stress (MPa) 
10 556,051.00 2.006 10 731,806.00 2.008 
50 138,868.00 8.497 50 182,034.00 8.298 
100 71,633.30 16.580 100 93,859.80 16.200 
150 48,283.50 24.670 150 63,239.80 24.500 
200 36,411.00 32.400 200 47,679.70 32.010 
250 29,230.70 40.830 250 38,259.20 40.056 
300 24,411.30 48.920 300 31,954.60 48.590 
350 20,957.20 57.000 350 27,437.70 55.730 
 
 
0 50 100 150 200 250 300 350 400
0.00E+0
5.00E+4
1.00E+5
1.50E+5
2.00E+5
Al Alloy (6061)
Zerodure
Loaded force (N)
Ra
diu
s (
mm
)
 
 
L+,1 3.24 
	
9:3*
,+,1),15 
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 )61-8+,153
	
9:3*
,+,1)/
+5
	
9:
+,1 3.14 +,1 3.15 -3
 Al Alloy (6061) 
 Zerodur .-
 	/G2* 50-350 /.
 +,1 R-square = 1 
 
3 3 2-3 -7 -0.181 42.63 -5,221 31,371(6061)= + +R e x x xAlAlloy                                (3.14) 
 
     
 
6 5 4 3 21 -9 -2 -6 0.001 -0.4 75.88 -8,034 43,720R e x e x x x x
Zerodur
= + + +              (3.15)      
 
+,1  x  6  *+,123
,3*)7/.
  
 R  6  
,+,1),15,3*)7//). 
  
  )61	/G8-
.+,1 3.4 +-23)+*.22* 100-150 
/.
  150-200 /.
 -3
 Al Alloy (6061)  Zerodur .-
 +-235
,

+.+,1. 

+-23)+*+,1.23

)6.)	61)7	/G*+,1),2*
* 01+-235
L,*)6146, -82*23,4,1)	/1012
+,1, -8)	/1+, 5 /.
 )/)	/1+, 50 /.
)/1 100-150 /.

-3
 Al Alloy (6061)  150-200 /.
 -3
 Zerodur 018+,15-

.+,1 3.5L+,1 3.25 
 
.+,1 3.5  
,+,1),15.**+,123
3* Al Alloy (6061)  
    Zerodur 2* 100-150 /.
  150-200 /.
 .-
 
Al Alloy (6061) Zerodur 
Force  
(N) 
Radius  
(mm) 
Max von Mises 
Stress (MPa) 
Force  
(N) 
Radius 
 (mm) 
Max von Mises 
Stress (MPa) 
100 71,633.30 16.580 150 63,239.80 24.500 
105 68,646.50 16.970 155 61,260.00 24.900 
110 65,574.30 17.771 160 59,366.00 25.690 
115 62,745.80 18.573 165 57,614.00 26.480 
 
  
 
 
 
 
 
 
40 
.+,1 3.5  
,+,1),15.**+,123
3* Al Alloy (6061)  
  Zerodur 2* 100-150 /.
  150-200 /.
 .-
 (.*) 
Al Alloy (6061) Zerodur 
Force  
(N) 
Radius  
(mm) 
Max von Mises 
Stress (MPa) 
Force  
(N) 
Radius 
 (mm) 
Max von Mises 
Stress (MPa) 
120 60,181.30 19.374 170 55,940.00 27.270 
125 57,809.90 20.176 175 54,388.70 28.060 
130 55,619.80 20.978 180 52,876.70 28.850 
135 53,593.60 21.779 185 51,489.10 29.640 
140 51,691.80 22.581 190 50,156.20 30.430 
145 49,940.80 23.382 195 48,886.90 31.220 
150 48,283.50 24.67 200 47,679.70 32.010 
 
80 100 120 140 160 180 200 220
0.00E+00
1.00E+04
2.00E+04
3.00E+04
4.00E+04
5.00E+04
6.00E+04
7.00E+04
8.00E+04
Al Alloy (6061)
Zerodur
Loaded Force (N)
Ra
diu
s (
mm
)
 
 
 
L+,1 3.25 
	
9:3*
,+,1),152* 100-150 
              /.
  150-200 /.
 -3
 Al Alloy (6061)  Zerodur .-
 
 
  
 
 
 
 
 
 
41 
L+,15-5
	
9:2* 100-150 /.
  150-
200 /.
 -3
 Al Alloy (6061)  Zerodur .-
 	/G+,1 R-square = 0.9999 5

	
9: 6  
 
23.148 -1,336 1.704 5(6061)R x x eAlAlloy = + +                         (3.16) 
 
 
21.739 -918.1 1.618 5R x x e
Zerodur
= + +                                        (3.17) 
  
+,1  x     6  *+,123
,3*)7/.
  
 R    6  
,+,1),15,3*)7//). 
 
3.3.4  A	#	' COSMOSWorks 
8-232* 10-350 /.
 	**
,

++
/),152* 556,051.00-20,957.20 //). 
731,806.00-27,437.70 //). -3
 Al Alloy (6061)  Zerodur .-
 
+)+/-),	**
,+,1+-234
-
.+,1.
L*2*G 50,000-60,000 //). 8-
.+,1 3.4 	*
*+,123
+,14
*
,52*
*.23* 100-150 
/.
 150-200 /.
 -3
 Al Alloy (6061)  Zerodur .-
 )61	/G
.**.* H +,123
 	/G* Max von Mises 
Stress )	613.3
36),3+,1)/ +)6.	**+,1+-23
)/1)/),36 300 /.
 -3
 Al Alloy (6061)  Zerodur /+,1*
) 80 ):)0.: Al Alloy (6061) 	/G*+,123
)	/1
4,1L L8-)6.
.+,1 3.4 +-23)+**
+,1+-234

,
+5.+,1. 

)61+-
-23)	/1+, 5 /.
2*
* +-235L+,1),6 .2
2* 120-145 /.
  155-195 /.
 -3
 Al Alloy (6061)  Zerodur .-

)61+- fit curve 3
	
9:5
	
9:	/),

 2 
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
+,1 3.16  3.17 L.)61	/G8-	*,)755+,1

*4-55/ )7+-3
	
.*5 
 
3.4  
B  
 )61+-/)3:8- COSMOSWorks )	613+)75
5-3
/ 23
+,18*	*4
*
,52*+,1
.6 50,000-60,000 //). .+)+/-), *
.+,1	
,+-5.+,1..*+
,2/,
61 H 
* )* 8 
 )7. )615.	),+
/ 
)7-5// 01),.+/
.g8  .
*/+,1
L+,1 3.26 
 
 
 
 
 
L+,1 3.26 Y
5
)61 
 
  
 
 
 
 
 
 
 
 
 4 
	

	 
 
 	



		

 
!"

#$%&' (Stepping moter) 4
556	

! 
"5	
78"9':$ (Interface program)  ?!#""59 
(LabVIEW) #9878	

655' (Microcontroller) $%&
'$  G? #5	 # !
 
4.1  	

 
 655'  2  ? 6 (Micro) #I?5J "5	
855' (Controller) #I? 
L'
	

8 M !
655'?#I? L'
5J "8L'
5J !
6
$I 5#5?
	

9' #$8N8# 58O#
655'6G  #P 8#"5	' G?4$8	
5$N
	

9'6##
6I # 
  
 !"

 
$#6655'! $I"
864 5 $8
N8 M 86 !
1. 8#	5755G  #P (CPU: Central Processing Unit)  
2. 8# (Memory) $I"
84 2 $8 8#  6$

J
"5 (Program Memory)  #
$Y'9$'9'!Z	
P5 M  IPJ
6 !	68$PN#I?"68 6:5 !#  $8? 8#P5 
(Data Memory) 4	\LG  #P "5	4 P5L	
 "868 6:5 !#8#6 P5J	#65#
8#" (RAM) 
9' M 6 "8$
655'$#8 8#P5	 ! 4 
  8#" G?P5	#668 6:5 !# "5	4   (EEPROM: 
Erasable Electrically Read-Only Memory) G?$IJ
P56"68 6:5 !#  
  
 
 
 
 
 
 
 
44 
3. $898
L'O#' (Port)  2 5\L	 '9 (Input 
Port) "5	'$8$NNL'' (Output Port) $8 !	8

L'O# I84$8 $N 8	8'9 
$NNL 
	#$9' 6	575"5	$86''"$75 8 9
$856: 4 
4. 89$NNL 
$ (BUS)  $"55 #$NNLP5
	8 G  #P 8#"5	' 45\L	$#$NNL#P8O# 
655' #"
84
$P5 (Data Bus) 
$"$ (Address Bus) "5	
$

 (Control Bus) 
$P54$#$NNL 
P5 	575! 

$	?!#P8
$I	575G  #P $
 M 6 

$P5	4 8 
9"5	g
6 ?!I? 16 32 "5	 64 
9 
    
$"$4$#$NNL 
8"88# #98

8#! G  #P"8 8 #8 !
$#$NNL"$?  #986J	4"$
8# 655'$I986#$I6
"$8#8
 2 #5 n (n  $) 
  ##8 655'? $#"$ 10 $ ! 655' !
$I98
8#6 2 #5 10 = 1,024 "8 
    
8#9 M 	
I?
$P5
8848 4 8 
9 8#  $#"$ 10 $ 	8
 
8x1024 = 8,192 
9 "5	 1 956
' 8
 1,024 6
' !655'58? 
8#8
 8,192 
9  1,024 6
'  1 956
' 
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458$#$NNL
98! G  #P

8#"5	' $
$#$NNL5
5 6"8 $#$NNL58
 #8# $#$NNL58 #P5
' 
5. 9$NNLn9 
4$8	
 $N $8? 
 9?!655' 	?!#P8
	 $NNL
n9 I $P 	J	$I6I ?!$875655'! 
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J	575$P6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4.2  	

 
 
 
 
 
 
 
P  4.1 	


' 
 
 

 !	$%  4 $ 
& 
1. 	87P"5	" (User Interface)  $8 $8$!$P 8 
9' 655' 	

 "5G (PLC) L' !
#"!
$P 8 O\G "59"5	 Visual Basic (VB) 4 
2.  :g'98	87P"5	655' (Indexer/Controller)  

P5!$P"5"54$5$' (Step pulse) $

$%&'"5	5$'9p
P5 (Pulse Width Modulation) $

 G '9r$


9r' 
3.  6'' (Driver)  $8
$NNL$5$' 5$'9pP5$NNL
9r"5$99 "5	##$5$'" 	8#
5' 
4. ' (Motor)  5 #56::t 
6''4
9r"5	5
$99 
 
  4.2.1 

'% 	 

	( 
   	

655' $

$%&'
9 5 :$G??!#O\"$"G
5 "$P  4.2 "5	P  4.3 "5	 :g'
 !
 
 
 
 
 
User Interface  Indexer  Driver  Motor 
High Level Command Motor Current Step Pulse 
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P  4.2 	

655'"5	"8
8 M 
 
 
 
P  4.3 	

655'9  
 
 
 
 
   
RS485 R-Terminator Reset MCU 
Adress DCBA 
Digital I/O 
Digital I/O 
RS485 Contecter 
Sensor Motor Driver Power LED 
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  )* !'"	

+!,*	 
  - $' (Run) "5	# (Stop) 
  - $$
8$8
 
  - $'/ Jn98 
  - $'/ Jn94
 
  - $'/ Jn94$ 
  - $'6"899r/ Jn9 
  - 
' $9G'$
"89 
- 
' $9G'G#"5	 5O# $9G'    ...
$O	 '	# 
  - $$

995 I/O 8 8"#9$	 
  -  '$
8GG'

 
  - $$


 
  -  LED "$$I	  
  - $I848#6$P$ 32  
   - $$78	

 RS485 # Baud Rate 9600, n, 8, 1 
- $$78	

 RS232 $
" 
"5	"5  
 
4.2.2  '%*
' !	 --.

 
   4$
"5		

655'
!
!?" Hyper Terminal $
795	

86
8#""59  ! !
 1. " Hyper Terminal  
 2. !8
9
$8P54 9600, n, 8, 1  Null Modem  
 3. 9' z?| $
"$$! "$P  4.4 
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#Stepper Motor Control 
     SetHsp  s  xx  =>  Set  Hi-Speed xx (01-99) 
     SetLsp  s   xx  =>  Set  Hi-Speed xx (01-99) 
     SetPPR  s  xxxx  =>  Set Pulse Per  Revolution xxxx (0001-9999) 
     MHsOrg  s  d  ==>  Move Hi-Speed unit Switch zOrg| On 
     MLsOrg  s  d  ==>  Move Lo-Speed unit Switch zOrg| On 
     HCMove  s  d  ==>  Hi-Speed Continuous Move  
     LCMove  s  d  ==>  Lo-Speed Continuous Move 
     HPMove  s  d  xxxx   ==>  Hi-Speed Move xx (9999) Pulse 
     LPMove  s  d  xxxx   ==>  Lo-Speed Move xx (9999) Pulse 
     HRMove  s  d  xx  ==>  Hi-Speed Move xx (99) Revolution Pulse 
     LRMove  s  d  xx  ==>  Lo-Speed Move xx (99) Revolution Pulse 
     MtSlow  s  ==>  Slow Down  ID (S) to Lo-Speed 
     MtStop  s  ==>  Stop Immediately  ID (S) 
#Digital Control 
     IOCLrB  s  x  ==>  Digital I/O  Clear Bit x (0-1).ID(S) 
     IOSetB  s  x  ==>  Digital I/O  Set  Bit x (0-1).ID(S) 
     IORead  s     ==>  Digital I/O Read  <ER  SR  Org  SL  EL,  IO_1  IO_0> 
 
P  4.4 $!$

 
 
4.3 01	 
 $%&'$

56
5$88 M 	



	"

$"	
6#$$8 $8"4'$
'
G#"5		

 $8 $4'$

5"8
 Diginatic Indicator #56"#$$
J
89'
 5 #"56 "?
	

 $
9# !65$%&
'9 5 :$#  VAXTA $
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 4.3.1  $		% '"01  
   $%&'$

	

	
6#$$8 '
"5	6''"$P  4.5  
 
 
 
P  4.5 '"5	6''$

	

 (Oriental Motor, 2004) 
 
  G?'!	?!#P8

6''#t
$NNL5$'$8 M $
 8 9r $8

$# 4 G?5\L	6'' 9# !"$P  4.6 "5	P 
4.7  $8 $N$

8$NNL8 M  
$8
 

8	"$'5#94'GJ'8	"$9 "5	
8	"$#
  
 
 
 
 
 
 
 
 
Motor 
Driver 
Power supply connector 
Motor connector 
Power supply connector (CN1) 
Power supply connector (CN2) 
I/O connector 
I/O connector (CN3) 
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P  4.6 "8
$' (Oriental Motor, 2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
P  4.7 "8
	"$' RUN-STOP (Oriental Motor, 2004) 
 
  $
8$#$NNL	86''6#'"5	$NNL

655'"$P  4.8 $
8$NNL6#'!	
6
#$#$NNL 5 $4'9 5 :$ G?J	4$
	$NNL5$' t
6' $88$NNL65'
Step angle setting switch 
DATA1, DATA2 
Motor-run current-potentiometer (RUN) 
Motor-stop current-potentiometer (STOP) 
Factory settings 
RUN: Motor rate current 
STOP: About 50% of motors rated current 
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$#$NNL 6 $ 	
6# $#$NNL9rG# 2 
$"5	# 1 $ $8  3 $ 5486:5 !#6 58  $NNL
55'J	$NNLIP85' 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P  4.8 8$#$NNL
' (Oriental Motor, 2004) 
 
4.4  
 6	

655'"5	P"

$ "5
86	4"

"
	


556
 "5	
 9?!"?
	

 G??!#""59  8$

 P   4 . 9  "5	 !"
$ 
9 8  
	


655'$' #5	 # !
 
 
CN1 1 
2 
1 
2 
3 
4 
5 
24-36 VDC 
GND 
Connector terminal No.  Motor lead color  
 
CN2 
1 
2 
3 
4 
5 
Orange 
Red 
Blue 
Green 
Black 
1 
5 
9 
6 
4 
3 
2 
8 
7 
10 
Controller (PNP-type) Controller (NPN-type) 
+5V +5V 
+5V +5V 
CW+ 
R1 
C/S- 
A.W.OFF+ 
CCW- 
CCW+ 
CW- 
A.W.OFF- 
C/S+ 
TIMING+ 
TIMING- R3 
R2 
R2 
R1 
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P  4.9 8"
	


 ?!"59 
   
 "

"	
6# 2 $8 $8"	4"

 SubVI 
98
	

655' "5	$8 $	4"

8$

"$P  4.9  :g'"$#5 ! (1) 
"8
9 (2) 
J (/J) (3) 
"8'  
(4) 	#	5  (5) 59r5  (6) $9
"5	 (7) $#"

9 
 
 
 
 
2 1 3 4 5 6 7 
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4.4.1  SubVI '% $	

 
  "

"#8# SubVI ""59$
$5

' 5
$P  4.10 "5	8$   ##
""59 "$P  4.11 G?	
$88 M 6 $8 !
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P  4.10 5
:g SubVI 
P"

98'
$
$"8
$ 
$
$#
$ 
$
$
8 
688 
8 
688 
8 
688 
$ 
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P  4.11 8:g  ##"59 
 
 
 
 
 
 
 
 
 
 
 
 
  
1 2 3 4 
6 
5 
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  $+! 1 P"

98$"

"$P  4.12 	
6
#!8'9"5	
9
$8P5 9600, n, 8, 1  
 
 
 
P  4.12 !898$$"

 
 
  $+! 2 4P"

$"89"$P  4.13 $ 
MLsOrg s d  MLsOrg/MHsOrg  $5 "

 (MLsOrg) 
5 "

J (MHsOrg) #  s  "8' 
  1 2 
 3 "5	 d  9r5   8
 0  1 JJn9 
 
 
 
P  4.13 P"

$"89 
  
 
 
 
 
 
 
 
56 
$+! 3 4P"

$9#"

9
"$P  4.14  P"

$ "

8 "

4$ $
# 8 $ LPMove 1 0 1000  5 "

'  1 
9rJ 1000 5'5 LPMove /HPMOve  5 "

J 
5I 1 "$"8' 
 5I 0 4
9r5 JJn9 "5	5 1000 $#$4
5 G??!#P8
"

"5	$%&'! M 
 
 
 
P  4.14 P"

$9#"

9 
 
  $+! 4 4P"

85$8$ 8P5
5

655'"5	%$""$P  4.15 485 500 
95599 $8$$J"5	8P5
5
!655'
%" 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
57 
 
 
 
 
 
 
 
 
 
 
P  4.15 P"

$85 8P5
5
"5	%$" 
 
  $+! 5 4P"

$ 967P"$P  4.16 
$8$$86! # P4$5 "5	#
"

9G?    1 !"5	  
$"J' 
(Enter) 
 
 
 
 
 
P  4.16 P"

$  
 
  $+! 6 4P"

$ 967P"$ 
P  4.17-4.20 7PP"

 "5	5\L	5 69$	 
	
6#J "8' 
 9r5 "5	
5$'$
5 "85	!$8$ 655' 
 
  
 
 
 
 
 
 
 
58 
 
 
 
P  4.17 J 
 
 
    
P  4.18 "8' 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
59 
 
 
 
 
 
 
 
 
 
 
P  4.19 9r5 
 
 
 
P  4.20 5$'$
5 
 
  4.4.2 %$'% ,* 
       78      4          SubVI $    
    9  8   
  	 
 

655'G?	68$NNL
"5	 SubVI  "

6 
86	4"

8 # SubVI 8P"


8"5	"

JO	

$9 5
$

68#"$ #"P  4.21 	J8$	68
G
G SubVI 	48$
$
8! "5	8
  
 
 
 
 
 
 
 
60 
 "

?!"$P  4.9 $
"

$I"

5\L	
	$"5	$	8! M  
 
 
 
 
 
 
 
 
 
 
 
 
 
P  4.21 "


$
98
 SubVI 
 
 
  
 
 
 
 
 
 
 
 
 5 
	
	
		 
 
	
			
			 	 
	
 
! 3 #	$%&& #		'(% )  

$		'( *!+		$!+'	&
'
,
$ + $!+-
		%&-
		$
 *!
	
',	
  
%#	
		 
&',,%$+'	./

0&'1 )  
 
5.1  ! 	"	!# 	"$$!	
		 
 '*'*1 (Sensor) '(	:1!+,/	'
# 
&:
	#;0! ) '0,!+	'(&:	#;0% ' 	:+;/&
$#<#	## 	.$!+$+'(/%	+,'*'*1 
'( %%&'*1 (Transducer) +# 	:1! ) 	.'
#	'
# 

	#;0! ) 	#/!/%BB:CCD '  '
,CCD 	 %CCD+,
 
 ',$	#!0&'1#
-
 
 Data Acquisition 
(DAQ)  ',!	!'*'*1%&'*1	#/#'% +,
''*'*1$+'(%&'*1 0	 '0','+
!+	
'
# 
!/&:CCD#/ 
 $!+	:1	+
#&'('*'*1 
 
%&'*1!'#	 
	'
#&:	#;0! ) !+'(&:CCD!	 
',	$		'(	#0&'1  
',	%&0&'1
%	.'(&:CCD' 
%$+#
'#'	#	'*'*1+,%&'*1 !	#/!
&<	%K&#!#
'# )  5.1 * %&'*'*1+,
%&'*1 %$+	&:	#;0 ) &#!!	&<	 
 
  
 
 
 
 
 
 
 
62 
 5.1 &'*'*1+,%&'*1&#!!	&<	 
&:CQ%&	%1 '*'*1/%&'*1 
:+;/& -'1'Q
 (Thermocouple) 
-1 (RTD) 
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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&<	 ' &<	%+	 !%
-
&;:p1!:;0 !!	 ',		
 +,
%-
&;:p1++ '( 
  		 ! 	"  
  '*'*1 /	!!	$ + -&%	1	$
+#/
+,/	!!	'.'& (RPM) 	$
+#/ !		
'
,#	+
#&K ' 	!+%-%  '+
.	+,	! % %$+	
#! %K&#! 
  		.!	"!#  
   '.'1 ! % '( -&%	1%'+
#-,-'
.	 ) #/
  %!/ 5.2  %	 +
	$'& %0-# % #-'
.	 )  
#/! '#		 +
	$'& % 
'*'*1 ', %		 % %
	.-
&%BB:0
%1	 !: -&%	1	$
+#'.#/ $
%BB:0
%1'	&#/!+# +,&'.!	+ -&%	1 
 '+.$'
.	 )  -&%	1#&	'!'.!		 
#	.$%BB:0
%1'	#	&<	++,
'.q&	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/ 5.2 '.'1&C&

 
 
    
	j:C&
'.'1 -
%:+;/&
 
	%%',	
		  -&%	1$+	' 
%+ 
+#+
#	+ $!+-&0
'	&!/
#	 #'
,
 -&%	1 
  	!$!: '. 
$ +'1CCD+,	
+',		
 )  
   #"  
   '(%&1$ + $+'(+%-%!		$
$ + ) #/ 5.3 *	#	1! ' !!$ +
',	 '(%&1	:1 %	 %CCD	 % 
	 %%
 
  	!$!: !+'
,	+
	+
#/  +
# +%-%%
!CCD	 %+,	 %%
  
!+'
,	  NO  
 NC 
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/ 5.3 
&&%&1  
       
 5.2.2  ! 	"#'&		$&	 
   #	!  
   %''	 '(	:1&+<#:%&'0#**&%&& !$
+'('*'*1%$+ 	$	
 %%''	!!&#
 %/ 5.4 *	#CQ
'1 (filament) #&#$		%$0	 

$  -
+$ (Metal foil) %	$+,
+-% '  -&	'	&
 +,
&	'	&
-'# '( *%/ 
 	$	
%/ ',$
%''	!	'
# 
/ ,'	$
'#
(Strain) '	& ) *'#, %	'
# 

'&!%;	& * 2 
	j:, '#	
 (Mechanical strain)  

'#CCD (Electrical strain) 
   	!$!: '%$#	1!#	 ' 	
$+	 	%%'# 
 &'1 '( %$+&#!%$+ 
!+	#	#+
'*

1 (Load cell) 	%	   %/ 5.4 *
', 2 + 
# #!++#&	%	!+   
	+
#&		  
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/ 5.4 '*'*1   
 
5.3 	
		(,!	,,
	  
 		%&& &<		  
 
'(	$% ) 	'(	
			 #
'#
 '&			%	
		 	$& 
%$+	!+ 	 %/ 5.5 #&%'%.			  
/
 5.6 %	 
'%. *!'(#
	!		& +,#s ) *-
<'& 
 
$!+</#1	
'
# 
 %-
!+/

'
,# 
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/ 5.5 #&%'%.	$	'(		 
 
 
 
/ 5.6 			 
'%. 
 
 ',	%	
	+ 
'%. '(	&
'
, 
',,0&'1%$+	
 *	#% )                    
... 1. '
,	!+   
  	#%'Qu'1 2  #		% %
'0,%- #+%%$+	!+'1	 %/ 5.7 
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/ 5.7 	&'
,	!+ 	 
 
2. '
,	'	.$ +		  
  	#%'Qu'1 1  #'	'
, 
#&
 %/ 5.8 
 
 
 
/ 5.8 	&'
,$ + 
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3.  !+	 
  	 !+	!'*'*1  *	#+
'*

1 2  
#+!+  
 %- %  %/ 5.9 
 
 
 
/ 5.9 	& !+	 
 
 4.  
   	%%+,# '	&+
		!+ 	
 !&'&	&&''1 +,'#	 /
'	 (Dual gauge) '('	.$ + ) 
'
# 
#%% #&0'
,  %/
 5.10 
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/ 5.10 	&/
'	%$+ 
 
 5. 	%$+& 
 	'#'0,&!+%
!$'# '0,$	
!&< ) !+#/!$ +%
	% *-
	
'	&!+	
 & %/ 5.11 
 
 
 
 
/ 5.11 	%$+& 
 
5.4 	
		#	. 
 				
'+.	#% )  %
/ 5.12  
	0&'1'	./
'%/0&'1 #-
 
 	&'1'C%0l# 	 
& 	
 
! 4 
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/ 5.12 	 
'%. 
'
,$ + 
 
 
'
, 
 
		 
Dual gauge  
%$+ 
Force gauge sensor 
%$+ !+ 
	 
'
,	 
!+ 	 
  
 
 
 
 
 
 
 
(Result Value) 
 
 6 
	
	 
 
  !" #$%#&'()!')!*%($#!#' + ,!'  
)!#- !.%/! 0& *12' *%/! " *%(
(*3(4'$%,2&054"' (#' + & -6%4
.!' " 6%4%/!$' )!5("7#!,!' /4',2& 
 
6.1 
	
 (Measurement of Meaning) 
  *%5-12' -- 5*'$8(,!'#*"/!'(()! (,!'#*"
#4!' (Measure Value) " (!4'!$' (Reference Value) 6%4--
()!("4$',!'$8#*"#4!' %'"/%'>!6%! "0? 6.1 
 
 
 
 
 
 
 
? 6.1 "/%'>!6%! ",!'*% 
  
 /1"'*%6%4 2 ?"()! *%'#' (Direct Comparison) J2'
6%4/1.60K46%4-6.#4!'..(.*8--5)!"'5*-
! K  *% - '%4*-## *%!L85M?$%4*-! #4 " *%'!4! 
(Indirect Comparison) /*05P -*,4!'*%0'*$Q*5)!'*$-Q/#J2'(
5)!6%4 #4!'.(.*8 " ."'5*-)!0545 /$8*% 
K  *%!L85M?$3%-*%(,!'(*%-"' *% %3%-K'&.5 
#4 J2'#4!'!Q-#*' 5*'$8#4!'*%(6%4*% #*'& .054
 
#*-- 
(Comparator) 
( *% 
(Measure Value) 
(!4'!$' 
(Reference Value) 
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#*"&'/!'(-"'$8!-'/)!0546%4(*1?#4!'" 
-'#'/L% 
 
6.2 *+,-./01213	//
 (Basic Characteristics of Measuring Device) 
  ()!')!*%0K4/.5(5)!#*?4(#*"#' + 0 *(4(*4'
*$-Q/#5)!!L#/5 K (*(-%  - ' ()!65* "'%677T #4 
 #4!'(*K)!1)! (Reliability) " (*"-. (Accuracy) 0#**%L + 
-"'$%,2&,!'#*"#4!'*%)!*#1L /'(0(*(L * &'
/1/4'/PP8#)!)!#4!'-%4*-)! (Manual) 5)!" #L4054!L8
(*(L.'3%-!#3#$ #!%)!054X$#$'6!-' /$$M #4!'
(.2'12'(L8/#$'%4)&Y#' + J2'(L8/#$"# ,4! (*/ " -*,4!'
3%-#'*% 
 
:1; (Accuracy) 
 0#**%($80% + /$'#' + !$$#!*%!-'()! (*(%
()!'/1$# (Static Error) (*(%()!'*# (Dynamic Error) )! (Drift) 
(*/101-!% (Reproducibility) " (*6K$'/4 (Non-Linearity) (*
"-.J2'5-12'( !6%4 #4!'(*04(-'(#Y-!6%45)!($' 
"#0(*$'"4*1?#4!'"-.!-'/?8&6.0*%$8'7_/$/ 
 0L + %!'(*1?#4!'"-.,!'*% 5)!4!-,2&!-?,4!.%!
)!'(*(%()!M-0,!'#*!' (Intrinsic Error) ,4!.%$%-"'
$%,2&!-?/!,8 .*% (*6/1-'677T (Electrical Zero) " ,4!.%
/$'"*%4! J2',4!.%#' + *&4*"4*"# 3%-#'#!((*(%
()!$%,2&!)!'*% 
 !&(*"-. ,2&!-?/!- (Calibration) M-0#4/M* .'
1?#4!'5 / 3%-! .5%((*"-.6%4(*%6%4!-?0K*'*5)!
,!'(#*,5)!!J>##4!' J2'!L85)!()!')!#' +  1?"' M#(*
1?#4!'"-.,!'!L8& + 3%-*6"4* ((*"-. !-?0?,!'((*(%()! 
(Error) 05*-,!'*%($%!J>#,!'-*%/?'/L% (URV) 
 
3,	 (Precision) 
  (L8/#$ 52'J2' *12',!'*%()!(*-'#',!'()!')!*% 
0,8 (*-'#'&/1"'$8!!6%4/!'(*5- (*5-"
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()! (*04(-',!'(6%4*%$8%-* 3%-(6%4 #4!'!-?0K*'(c-
,!'*%&'5% J2'5-(**()!')!*%(*('/4('* 5)!(*/1J&.(%$ 
(Repeatability) &!' ()!')!*%(*-'#'/?'6%4*%  -
4!-*()!')!*%(*-'#'#. 
  
3/1 (Error) 
 (*(%()!5-12' ((*"##' 5*'$8"4$',!'(#*"
#4!'*%(!6%4()!')!*% J2'! !-?0d8 ,!'$8#*, 5)!
!J># (!#L#6%4!L8/%$*J!LK$%&&'0'!L%(#$5)!0'
edf(!#L#6%4*% (*//.5!!"/%$*J!
0'!L%(#$ /%$*J! 1?/4'*/%L(*5 /" 054(!#L#*%
1?#4!'!-'#!)!'5)!K$'/4#'(!#L#0'edf(*/,!'!#L#
(,!'*%0K4'/%$*J! !-?0?,!'/'(8$#Q/# 75)!
#' 3%-!#L#0'!L%(#$ 6(.2'12'/M"*%4!" /M* .',!'
()!')!& + 
  0'X$#$12'"4*!#L#,!'/%$*J! 6%4 (*66
#!L%(#$,!'!L808(*%6%4-'($'"#(*"##''K(8$#
 5*'(*%6%4($',!'*% !-?0?(*(%()!,!'!L8(*(%()!
& "/%'0?!J>#,!'!#L##>/ (Full Scale Output %F.S.) !#/*,!'(*
(%()!(!#L##>/&-* (*"-.,!'!L8 (*(%()!*
,4'#4 $%(*(%()!c #*J2'( 0X$#$'$'. #4!'
- !-%(*(%()!,!'/%$*J!)!0546%4,4!?1?#4!'" (*
"-.,!'*%/L% 
 
6.3 	3,		:1	 
 #- !.%/!"/%'%'? 6.2 J2' !6%4*-/*#' + %'& 
 1. KL%(*3(4' j,2& 
 2. KL%,()!054"'  
 3. KL%,()!*%(*3(4'$%,2& 
 4. KL%*%"'054  
 5. KL%*%(*3(4'$%,2& 
6. ()!')!*%!L85M?$ 
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7.  (*(L 
8. (!$*#!/.5(*(L.'  
 
 KL%(*3(4' j,2&0/*KL%,()! 0K4/#_m'!#!K$% 5 
7/ .* 3 KL%  !6%4*-KL%,()!054"' 2 KL% " KL%,()!*%(*3(4' 
1 KL% 3%-(*(L3"!$#!7/j,2&3""*$*)!#$%#! 
63((!3!/.5/'.',!'!#!/*#' + .054(*(L .6%4
'- " / %*3"!$#!7/j,2& /*>,4!?(*3(4'$%,2& 
K)!#! (!$*#!3%-!#3#$)!./4'7 & .,4!?6%465
Q(*3(4'$%,2&#!"' .( + 3""" 
 
 
 
? 6.2  (*3(4' /.5%/! 
 
6.4  		3BCD 
 )!.#- -4!-"4* ,&#!#!6 %/!6KL%(*
3(4',!' 6%4j,2& " .>,4!? ($#!#' + ,&#!%'& 
 (*(L 
KL%,()! 
*%(*3(4' 
*%Q(*3(4' 
$%,2& 
KL%,()! 
054"'  
*%"'
054  
(!$*#! 
/.5(*(L 
*%!L85M?$ 
KL% 
(*3(4'  
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   1. ._%3"!$#!7/j,2&"/%'%'? 6.4 ? 5>*)!
054"'  F1 "  F2 "' 1?/'",&'/!'%4,!' 6-'L%5L3# 
M1 "  M2 .054$%(*3(4',2& J2'(4!-0 %63(#  
 2. 0(*(L " >,4!?,&#!%'& 
  -.)!35%(*(L3%-054"' F1 5)! F2  
    -&.5% - ()! J2'>()!054"' &!' /'#6%4KL%
*%"' *"'054 (6 3%-054"' F1 "  F2  .'"-!$/ #! .054
/1(6%4'-08L%Q?-',!' -6 
   -)!.5%("'054 -4!-"4* #!6#4!')!$Q'054"'J2'0
'*$-& 054"'%2'  &%Ln$.' !#!> .'054"'
  " 05L,!'!#! 1 !  .054KL%,()!054"'()! -   
2 $$# 3%-"'054 #4!'!KL%*%"' #(.5%#%!' 
  -)!054"' "4*/> #!6 *%(*3(4'5)! - "!#*6
,!'"'(#' + 0*% .*% - ' 160 $$# 3%-*%#."5'2''
%4" ',!'*/%L%/! -  80 $$# "/%'%'? 6.3 
 
 
 
 
 
 
 
 
 
 
 
 
? 6.3 #."5'*%(*3(4' 
 
160 mm 
80 mm 
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? 6.4 3"!$#!7//.5(*(L  
 
  -5*%(*3(4'/1.6%43%-)!#."5'6#(*-*,!'*/%L
%/! 3%-.5% - #"* (&'  5 $$# )!)!652'(&' KL%*%(*3(4'
> .>,4!?,!' - "!#*-6 #("'054  J2',4!?6%4 1?
K)!#!,43"!>J (Excel) >6*4 (!$*#! " .K&6)!- + 
6%4 -  160 $$# #.5% 3%-%/! & $054"'#&'"# 0-600 $*# 
  
 
 
 
$.' 
5-L%.' 
6#."5'!4'!$' 
.5%(*>* (K4->*) 
)!35%(*(L 
.5%$Q'()! 
.5% - ()! 
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6.5 H	 
 )!054"' (#' + " %/!.6/4'7,!',4!?#
#."5' $**/%L%/!  6%47(*/$%,2& &.,4!?" 7
6%465Q(*3(4'3%-3""" 6%4"/%'%'#' 6.1 "  ? 6.5-6.6 
J2'6#edf*()! )!054"' ,2& .054Q(*3(4',!'*/%L%/!
(%' 
 
#' 6.1 (*/ 5*'"'054 " Q(*3(4'$%,2& 
Force (N) Radius (mm) 
10 66,470.20 
50 62,583.48 
100 53,318.87 
150 40,172.55 
200 33,481.43 
250 26,809.21 
300 24,038.26 
350 20,441.46 
400 19,081.11 
450 18,189.89 
500 15,176.76 
550 14,186.76 
600 13,050.87 
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-10 -8 -6 -4 -2 0 2 4 6 8 10
-0.35
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05 after add sensor
F=10N
F=50N
F=100N
F=150N
F=200N
F=250N
F=300N
F=350N
F=400N
F=450N
F=500N
F=550N
F=600NPosition (mm)
He
igh
t (m
m)
 
 
? 6.5 (*/ 5*'"'" #."5'-6 8 L%#'+ ,!' Al Alloy (6061)  
 
0 100 200 300 400 500 600 700
0.00E+00
1.00E+04
2.00E+04
3.00E+04
4.00E+04
5.00E+04
6.00E+04
7.00E+04
Loaded force (N)
Ra
diu
s (
mm
)
 
 
? 6.6 (*/ 5*'"'" Q(*3(4'%/!  
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6.6  	I	3HJ	J;H	J	- 
  )!$8%!'$'--.!'%4*-*$676!$$
3%-3" COSMOSWorks 6%4"/%'%'#' 6.2 "  ? 6.7 )!$8"'0K*' 
10-400 $*# "  ? 6.8 )!$8"'0K*' 100-350 $*# *)!054"',2& .
054Q(*3(4'(%'#/(*/ 6.1 "  6.2 /.5.!'" 
%!'$' #.% 
 
#' 6.2 (*/ 5*'"'" Q(*3(4'.!'-- 
  %!'$' 
Force 
(N) 
Sim. 
Radius (mm) 
Exp. 
Radius (mm) 
10 556,051.00 66,470.20 
50 138,868.00 62,583.48 
100 71,633.30 53,318.87 
150 48,283.50 40,172.55 
200 36,411.00 33,481.43 
250 29,230.70 26,809.21 
300 24,411.30 24,038.26 
350 20,957.20 20,441.46 
400 31,575.10 19,081.11 
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0 50 100 150 200 250 300 350 400 450
0.00E+00
1.00E+05
2.00E+05
3.00E+05
4.00E+05
5.00E+05
6.00E+05
Sim
Exp
Loaded force (N)
Ra
diu
s (
mm
)
 
 
 
 
 
 
 
 
 
 
 
 
 
? 6.7 (*/ 5*'"'" Q(*3(4'.!' 
   --%!'$'"' 10{400 $*# 
 
50 100 150 200 250 300 350 400
0.00E+00
1.00E+04
2.00E+04
3.00E+04
4.00E+04
5.00E+04
6.00E+04
7.00E+04
8.00E+04
Sim
Exp
Loaded force (N)
Ra
diu
s (
mm
)
 
 
? 6.8 (*/ 5*'"'" Q(*3(4'.!' 
     --%!'$'"' 100{350 $*# 
   
a e  f rce ( ) 
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,4!?/6%4.65/(*/3""" 3%-$8("'" Q
(*3(4'$%,2&,!'  )!$8(,!'"'0K*' 100-350 $*#  6%4/3$3
-!% 5  R-square = 1 %'& 
 
 5 4 3 2-8.315 -8 0.0001128 -0.06205 17.67R e x x x x
Sim
= + +                                        (6.1)
             
ffffffffff              
-2,743 2.209 -5x e+  
 
 
5 4 3 2-5.048 -7 0.0005735 -0.2523 53.96R e x x x xExp = + +                                       (6.2)
   
ghghggg              
-5,761 2.899 -5x e+  
 
3%-  x   ()!  (,!'"'054 5*-$*# 
 R  ()!  Q(*3(4'-"'65*-$$# 
 
 )!$8(*(%()!$%,2&.!'" %!'$'*
/6%4(*"##',!'(/ /$$}%'#' 6.3 
 
 )!.5%054 6324334251 ∆Px∆Px∆Px∆Px∆Px∆P∆R +++++=              (6.3)
   
#' 6.3 ((*"##',!'/ /$$} 5*'.!'" %!'$' 
/ /$$} ((*"##',!'/ /$$} 
1∆P  4.2165e-7 
2∆P  4.6070e-4 
3∆P  0.190250 
4∆P  36.29000 
5∆P  3018.000 
6∆P  6.900e-6 
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)!$8%!'$')!5"7#!/.5 j,2& 3%-.054/
%!'$'%'/ 6.2 (.!' %'& #4!'(?8"7#!/.5
!!" &/ 6.2 3%-$86%4%!'$'6%4
.!' J2' 6%4"7#!/.5!!" /.5'*$-&%'#' 6.4 J2')!.(
/ /$$} 61 PP −  6(?8*/ 6.2  .0546%4(#'.!' 
 
#' 6.4 "7#!6%4!!"KL%(*3(4',!' j,2& 
/ /$$} "7#!#4!'(?8* 
1P  0.1647187005 
2P  0.1966870096 
3P  0.2459373761 
4P  0.3274647887 
5P  0.4761326150 
6P  0.7619868920 
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Das, NC., Jha, S N., Bhattacharyya, D., Poswal, A K., Sinha, A k. and Mishra, V K. (2004). 
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 //--------------------------------------------------------- 
 // 20091122_analytical.sce 
 // Analytical dynamic micromotor 
 //--------------------------------------------------------- 
 vgh=[50 25 300];    //!"#$%#&#'()*+&, 
 V=vgh(1);     //0&1$2" 
 g=vgh(2)*1e-6;    //&56578#19&)*+&,:2;<)*)*+&,  
 h=vgh(3)*1e-6;    //=>#'<?1 
 E0 = 8.85e-12;    //=8#<B#%6+'<2'%2CD, 
 Er = 1;     //=8#<B#%6+'<2'%2CD,+#:#E 
 Ep = E0*Er; 
 //rho = 8500;//%%% density Ni   //=>#'7"#0"8""(:):(I 
 rho = 1200;//%%% density SU8   //=>#'7"#0"8" SU-8 
 theta1 = 2*%pi;    //'L'!+1&2E'M9&)*+&,$N#"O" 
 theta2 = (18*%pi)/180;   //'L'!+1&2E'M9&)*+&,$N#""+: 
 Rstator = 0.000468;    //&2E'M!+1<)*)*+&, 
 Rrotor = Rstator-g;    //&2E'M<)*)*+&, 
 R1 = 0.000058;      //&2E'M9&)*+&,$N#"O" 
 R2 = 0.00025;       //&2E'M9&)*+&,*&1:I#1 
 R3 = Rrotor; 
 I = ((((1/4)*rho)*h)*(R2^4-R1^4))*theta1+(((2*rho)*h)*(R3^4-R2^4))*theta2; 
 mass = ((((1/2)*rho)*h)*(R2^2-R1^2))*theta1+(((4*rho)*h)*(R3^2-R2^2))*theta2; 
 J = I;      //9')'"*,=>#')VWX+6 
 gap = log((R3+g)/R3);    
 Td = (((2*(V^2))*Ep)*h)/gap ;   //0&1;($*8+)Z< 
 n = 0.0000183;//% viscosity of air (Kg/m.s) //<2']&5<(CD(^=>#'7"W$!+1+#:#E 
 R = Rrotor; 
 Hb = 0.000001;    //=>#'<?10;&(1 
 B = ((%pi*n)*(R^4))/Hb   //=>#'7"W$ 
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 ////parameter standard    //%#&#'()*+&,'#*&b#" 
 C1 = 1.000000000D-13;   //=8#=1CMX0&1;($)<M6$C#"eI", 
 C2 = 1.000000000D-17;   //=8#=1CMX0&1;($)<M6$C#"eI",CMX)]g"Zh1:,i2" 
//!+10&1$2" 
 CV = C1+C2*(V^2);     
 Total_friction = B+CV;   //jI&>'0&1)<M6$C#" 
 time1=.1;     //)>I#ek#I+1jI 
 ta=0.0001; 
 t=0:ta:time1; 
 x_position=(J/B^2)*(Td-C1-C2*V^2)*( exp(-B/J*t)+B/J*t -1);  
 x_deg=x_position*180/%pi;   //*k#07"819&)*+&, (deg) 
 x_speed1= (Td-C1-C2*V^2)*( 1-exp(-B/J*t) )/B;  
 x_speed_rad_sec=x_speed1;  
 x_speed=(x_speed_rad_sec*180/%pi)*(60/360); //=>#')&n>(rpm) 
 xset('window',1);    //:&#ZCMX 1 
 subplot(2,1,1); 
 plot(t,x_speed,style=5);xgrid()   //0<$1:&#Z)>I#:2;=>#')&n> (rpm) 
 xtitle("Analytical method"," ","rotor speed (rpm)"); 
 chsteg=0.1; chgrans=1;  
 subplot(2,1,2); 
 plot(t,x_deg,style=5);     //0<$1:&#Z)>I#:2;*k#07"81 (deg) 
 xgrid() 
 xtitle(" "," time (s)","Angle (deg)"); 
 chsteg=0.1; chgrans=1;  
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 	

 "#  
 //---------------------------------------------------------------- 
 // 20091122_numerical.sce 
 // Numerical dynamic micromotor 
 //---------------------------------------------------------------- 
 vgh=[50 25 300];    //!"#$%#&#'()*+&, 
 V=vgh(1);     //0&1$2" 
 g=vgh(2)*1e-6;    //&56578#19&)*+&,:2;<)*)*+&,  
 h=vgh(3)*1e-6;    //=>#'<?1 
 E0 = 8.85e-12;    //=8#<B#%6+'<2'%2CD, 
 Er = 1;     //=8#<B#%6+'<2'%2CD,+#:#E 
 Ep = E0*Er; 
 //rho = 8500;//%%% density Ni   //=>#'7"#0"8""(:):(I 
 rho = 1200;//%%% density SU8   //=>#'7"#0"8" SU-8 
 theta1 = 2*%pi;    //'L'!+1&2E'M9&)*+&,$N#"O" 
 theta2 = (18*%pi)/180;   //'L'!+1&2E'M9&)*+&,$N#""+: 
 Rstator = 0.000468;    //&2E'M!+1<)*)*+&, 
 Rrotor = Rstator-g;    //&2E'M<)*)*+&, 
 R1 = 0.000058;      //&2E'M9&)*+&,$N#"O" 
 R2 = 0.00025;       //&2E'M9&)*+&,*&1:I#1 
 R3 = Rrotor; 
 I = ((((1/4)*rho)*h)*(R2^4-R1^4))*theta1+(((2*rho)*h)*(R3^4-R2^4))*theta2; 
 mass = ((((1/2)*rho)*h)*(R2^2-R1^2))*theta1+(((4*rho)*h)*(R3^2-R2^2))*theta2; 
 J = I;      //9')'"*,=>#')VWX+6 
 gap = log((R3+g)/R3);    
 Td = (((2*(V^2))*Ep)*h)/gap ;   //0&1;($*8+)Z< 
 n = 0.0000183;//% viscosity of air (Kg/m.s) //<2']&5<(CD(^=>#'7"W$!+1+#:#E 
 R = Rrotor; 
 Hb = 0.000001;    //=>#'<?10;&(1 
 B = ((%pi*n)*(R^4))/Hb   //=>#'7"W$ 
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 //parameter standard    //%#&#'()*+&,'#*&b#" 
 C1 = 1.000000000D-13;   //=8#=1CMX0&1;($)<M6$C#"eI", 
 C2 = 1.000000000D-17;   //=8#=1CMX0&1;($)<M6$C#"eI",CMX)]g"Zh1:,i2" 
//!+10&1$2" 
 CV = C1+C2*(V^2);     
 Total_friction = B+CV;   //jI&>'0&1)<M6$C#" 
 // object function state space variable -----------//  
 function [xdot]=Rotor(t,x);   //Zh1:,i2"*2>0]&<u#"5 
 xdot(1)=x(2); 
 xdot(2)=1/J*( Td-B*x(2)-CV*sign(x(2)) ) ;  
 endfunction 
 // initial      //O<8=8#)&(X'*N" 
 x0(1)=0;x0(2)=0;t0=0;  
 time1=.1     //)>I#ek#I+1jI 
 t=0:0.0001:time1;  
 //-------     The ode-command Numerical RK4----------- 
 x=ode("rk4",x0,t0,t,Rotor) ;   //ek#I+1jI$N>6 RK-4 
 position=x(1,:);    //*k#07"819&)*+&, (rad) 
 deg=position*180/%pi;   //*k#07"819&)*+&, (deg) 
 speed_rad_sec=x(2,:);      //=>#')&n> (rad/s) 
 speed=(speed_rad_sec*180/%pi)*60/360; //=>#')&n> (rpm) 
 subplot(2,1,1); 
 plot(t,speed,style=5);    //0<$1:&#Z)>I#:2;=>#')&n> (rpm) 
 xgrid() 
 xtitle("Numerical method","","rotor speed (rpm)"); 
 subplot(2,1,2); 
 plot(t,deg,style=5);    //0<$1:&#Z)>I#:2;*k#07"81 (deg) 
 xgrid() 
 xtitle(" "," time (s)","Angle (deg)"); 
 chsteg=0.1; chgrans=1; // Determines 'arrow-density' and limits 
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 
$%%&
'(  
 /************************************************** 
 Micromotor control 
 Arduino-0016  
 uMotor 20091015 
 ***************************************************/ 
 int LED_ON=13;       //0<$17I+$zZCk#1#"$N>6!#13                        
 int Phase1 =3;    //)Z<CMX7"|X10C"$N>6!# 3 
 int Phase2= 4;                  //)Z<CMX<+10C"$N>6!# 4 
 int Phase3 = 5;      //)Z<CMX<#'0C"$N>6!# 5 
 int stop=6;     //0<$1:#&76L$7'L"$N>6!# 6 
 int ADC0=0;      //+8#"=8#0+"#I+:i8+1 0 
 int dl;     // *2>0]&7"8>1)>I# 
 void CW_Step(void);    // Zh1:,i2"7'L"*#')!n'"#~(:# 
 void CCW_Step(void);   // Zh1:,i2"7'L"C>")!n'"#~(:# 
 void setup()                       // )!N#I?]:#&*21=8#9]&0:&' 
 { 
   pinMode(LED_ON, OUTPUT);   //:k#7"$O7N LED_ON )]g")+#*,%L* 
   pinMode(Phase1, OUTPUT);        //:k#7"$O7N Phase1 )]g")+#*,%L* 
   pinMode(Phase2, OUTPUT);   //:k#7"$O7N Phase2 )]g")+#*,%L* 
   pinMode(Phase3, OUTPUT);   //:k#7"$O7N Phase3 )]g")+#*,%L* 
   pinMode(stop, OUTPUT);   //:k#7"$O7N stop )]g")+#*,%L* 
   digitalWrite(LED_ON, HIGH);   //0<$1:#&Ck#1#"!+19]&0:&'  
   // setup motor     
   digitalWrite(Phase1, LOW);      //O7NCL:)Z<76L$:#&Ck#1#" 
   digitalWrite(Phase2, LOW);     
   digitalWrite(Phase3, LOW); 
   delay(1000);     //7"8>1)>I# 1000 >("#CM  
   digitalWrite(Phase1, HIGH);      //O7NCL:)Z<Ck#1#" 
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   digitalWrite(Phase2, HIGH);     
   digitalWrite(Phase3, HIGH);  
   delay(1000); 
   digitalWrite(Phase1, LOW);    //O7NCL:)Z<76L$:#&Ck#1#"    
   digitalWrite(Phase2, LOW);     
   digitalWrite(Phase3, LOW); 
 } 
 void loop()                        //)!N#I?]:#&Ck#1#"!+19]&0:&' 
 {  
   while(1)      
   { 
     digitalWrite(Phase1, LOW);      //)&(X'*N"CL:)Z<76L$Ck#1#" 
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase3, LOW); 
     int speed1=analogRead(ADC0);  //0]I1<2#0+"5I+:)]g"$(e(*+I 
       if ((speed1>=0)&(speed1<=412))   //uN#&5$2;<2#+6?8O"i8>1 0-412 
           {  
             dl=(speed1)*5+1;   //7"8>1)>I#)C8#:2; dl 
             CW_Step();    //O7N7'L"*#')!n' 
           } 
       else if((speed1>=613)&(speed1<=1023))  //uN#&5$2;<2#+6?8O"i8>1 613-1024 
           { 
             dl=(1023-speed1)*5+1;  //7"8>1)>I#)C8#:2; dl 
             CCW_Step();    //O7N7'L"C>")!n' 
           } 
        else     //uN#&5$2;<2#+6?8"+:i8>1 
        {  digitalWrite(stop, HIGH);  //76L$7'L" 
        }    
   } 
 } 
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 void CW_Step(void)                            //]&5:#EZh1:,i2"*#')!n'"#~(:# 
 { // step phase 1>>2>>3   //)Z< 1 2 3 Ck#1#"*#'Ik#$2; 
      digitalWrite(stop, LOW); 
     digitalWrite(Phase3, LOW); 
     digitalWrite(Phase1, HIGH);    
     delay(dl);      
     digitalWrite(Phase1, LOW);     
     digitalWrite(Phase2, HIGH);  
     delay(dl);     
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase3, HIGH); 
     delay(dl);   
 } 
 void CCW_Step(void)                           //]&5:#EZh1:,i2"C>")!n'"#~(:# 
 { //step phase 3>>2>>1   //)Z< 3 2 1 Ck#1#"*#'Ik#$2; 
     digitalWrite(stop, LOW); 
     digitalWrite(Phase1, LOW); 
     digitalWrite(Phase3, HIGH);    
     delay(dl);      
     digitalWrite(Phase3, LOW);     
     digitalWrite(Phase2, HIGH); 
     delay(dl);     
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase1, HIGH); 
     delay(dl);   
 } 
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  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 
""""""   # (Al Alloy (6061)) 

" x 
 
"- .
// 
- .
// 
F= 10N F= 50N F= 100N 
-8 
-7.5 
-7 
-6.5 
-6 
-5.5 
-5 
-4.5 
-4 
-3.5 
-3 
-2.5 
-2 
-1.5 
-1 
-0.5 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
0.013 
0.023 
0.038 
0.051 
0.070 
0.087 
0.099 
0.104 
0.107 
0.108 
0.110 
0.111 
0.111 
0.114 
0.122 
0.132 
0.149 
0.156 
0.176 
0.195 
0.209 
0.213 
0.220 
0.225 
0.227 
-0.001 
-0.005 
-0.009 
-0.016 
-0.006 
-0.008 
-0.008 
-0.007 
-0.006 
-0.006 
-0.008 
-0.006 
-0.006 
-0.003 
-0.007 
-0.004 
-0.007 
-0.003 
-0.013 
-0.002 
-0.002 
-0.009 
-0.009 
-0.009 
-0.005 
-0.020 
-0.014 
-0.022 
-0.029 
-0.037 
-0.019 
-0.032 
-0.033 
-0.026 
-0.024 
-0.021 
-0.009 
-0.020 
-0.026 
-0.021 
-0.022 
-0.028 
-0.013 
-0.026 
-0.038 
-0.039 
-0.030 
-0.027 
-0.023 
-0.016 
-0.018 
-0.019 
-0.039 
-0.041 
-0.057 
-0.063 
-0.069 
-0.073 
-0.062 
-0.063 
-0.069 
-0.069 
-0.068 
-0.070 
-0.073 
-0.070 
-0.074 
-0.062 
-0.066 
-0.065 
-0.067 
-0.073 
-0.071 
-0.069 
-0.059 
-0.007 
-0.01 
-0.018 
-0.028 
-0.041 
-0.047 
-0.054 
-0.056 
-0.06 
-0.06 
-0.064 
-0.067 
-0.066 
-0.066 
-0.068 
-0.068 
-0.070 
-0.059 
-0.058 
-0.055 
-0.059 
-0.053 
-0.053 
-0.053 
-0.044 
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 1 
      !       
        
  # (Al Alloy (6061)) () 

" x 
 
"- .
// 
- .
// 
F= 10N F= 50N F= 100N 
4.5 
5 
5.5 
6 
6.5 
7 
7.5 
8 
0.230 
0.231 
0.231 
0.233 
0.232 
0.234 
0.235 
0.233 
-0.001 
-0.003 
0.000 
-0.002 
-0.001 
-0.002 
-0.002 
0.003 
-0.015 
-0.013 
-0.014 
-0.005 
-0.005 
-0.005 
-0.004 
-0.001 
-0.062 
-0.051 
-0.061 
-0.052 
-0.056 
-0.049 
-0.046 
-0.035 
-0.038 
-0.039 
-0.037 
-0.038 
-0.033 
-0.027 
-0.020 
-0.014 
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 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  ! 
 
""""""   # (Al Alloy (6061)) 
 

" x 
 
F= 150N F= 200N F= 250N F= 300N F= 350N 
-8 
-7.5 
-7 
-6.5 
-6 
-5.5 
-5 
-4.5 
-4 
-3.5 
-3 
-0.009 
-0.017 
-0.026 
-0.032 
-0.046 
-0.054 
-0.068 
-0.067 
-0.073 
-0.078 
-0.079 
-0.012 
-0.022 
-0.032 
-0.048 
-0.062 
-0.074 
-0.085 
-0.088 
-0.095 
-0.097 
-0.103 
-0.022 
-0.036 
-0.051 
-0.060 
-0.089 
-0.099 
-0.103 
-0.112 
-0.122 
-0.122 
-0.136 
-0.012 
-0.026 
-0.044 
-0.060 
-0.075 
-0.093 
-0.100 
-0.113 
-0.118 
-0.123 
-0.13 
-0.01 
-0.021 
-0.053 
-0.065 
-0.096 
-0.114 
-0.125 
-0.131 
-0.142 
-0.148 
-0.158 
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 2 
      !       
        
  # (Al Alloy (6061)) () 

" x 
 
F= 150N F= 200N F= 250N F= 300N F= 350N 
-2.5 
-2 
-1.5 
-1 
-0.5 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4.5 
5 
5.5 
6 
6.5 
7 
7.5 
8 
-0.082 
-0.083 
-0.086 
-0.085 
-0.078 
-0.082 
-0.078 
-0.087 
-0.089 
-0.087 
-0.078 
-0.074 
-0.069 
-0.053 
-0.045 
-0.040 
-0.040 
-0.043 
-0.033 
-0.036 
-0.027 
-0.018 
-0.104 
-0.109 
-0.106 
-0.103 
-0.106 
-0.112 
-0.104 
-0.105 
-0.110 
-0.106 
-0.100 
-0.099 
-0.099 
-0.086 
-0.080 
-0.074 
-0.072 
-0.065 
-0.057 
-0.046 
-0.031 
-0.017 
-0.139 
-0.138 
-0.144 
-0.149 
-0.138 
-0.136 
-0.131 
-0.143 
-0.147 
-0.158 
-0.139 
-0.139 
-0.13 
-0.119 
-0.113 
-0.092 
-0.086 
-0.077 
-0.077 
-0.069 
-0.058 
-0.043 
0.138 
-0.139 
-0.141 
-0.137 
-0.143 
-0.149 
-0.142 
-0.147 
-0.145 
-0.141 
-0.123 
-0.121 
-0.118 
-0.108 
-0.101 
-0.094 
-0.081 
-0.072 
-0.06 
-0.049 
-0.030 
-0.011 
--0.168 
-0.170 
-0.170 
-0.165 
-0.167 
-0.168 
-0.167 
-0.174 
-0.183 
-0.182 
-0.165 
-0.159 
-0.148 
-0.145 
-0.132 
-0.123 
-0.111 
-0.095 
-0.083 
-0.065 
-0.061 
-0.035 
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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
....         # (Al Alloy (6061)) 

" x 
 
F= 400N F= 450N F= 500N F = 550N F= 600N 
-8 
-7.5 
-7 
-6.5 
-6 
-5.5 
-5 
-4.5 
-4 
-3.5 
-3 
-2.5 
-2 
-1.5 
-1 
-0.5 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4.5 
-0.041 
-0.055 
-0.085 
-0.105 
-0.129 
-0.135 
-0.154 
-0.161 
-0.170 
-0.182 
-0.193 
-0.196 
-0.202 
-0.204 
-0.206 
-0.201 
-0.208 
-0.202 
-0.201 
-0.208 
-0.207 
-0.197 
-0.193 
-0.184 
-0.173 
-0.164 
0.034 
-0.057 
-0.083 
-0.098 
-0.125 
-0.144 
-0.156 
-0.171 
-0.186 
-0.191 
-0.201 
-0.208 
-0.213 
-0.217 
-0.217 
-0.213 
-0.219 
-0.213 
-0.218 
-0.225 
-0.222 
-0.209 
-0.199 
-0.191 
-0.176 
-0.169 
-0.020 
-0.033 
-0.078 
-0.103 
-0.119 
-0.133 
-0.166 
-0.193 
-0.200 
-0.212 
-0.226 
-0.232 
-0.232 
-0.242 
-0.244 
-0.242 
-0.247 
-0.242 
-0.242 
-0.240 
-0.235 
-0.225 
-0.221 
-0.214 
-0.193 
-0.198 
-0.037 
-0.065 
-0.103 
-0.132 
-0.157 
-0.180 
-0.202 
-0.219 
-0.230 
-0.243 
-0.255 
-0.271 
-0.274 
-0.285 
-0.288 
-0.276 
-0.277 
-0.272 
-0.281 
-0.291 
-0.29 
-0.273 
-0.265 
-0.247 
-0.227 
-0.216 
--0.033 
-0.057 
-0.090 
-0.115 
-0.154 
-0.169 
-0.197 
-0.229 
-0.236 
-0.259 
-0.263 
-0.281 
-0.279 
-0.289 
-0.298 
-0.293 
-0.305 
-0.301 
-0.306 
-0.309 
-0.298 
-0.290 
-0.283 
-0.266 
-0.255 
-0.248 
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  # (Al Alloy (6061)) () 

" x 
 
F= 400N F= 450N F= 500N F = 550N F= 600N 
5 
5.5 
6 
6.5 
7 
7.5 
8 
-0.152 
-0.121 
-0.114 
-0.100 
-0.079 
-0.070 
-0.049 
-0.160 
-0.146 
-0.133 
-0.12 
-0.100 
-0.086 
-0.051 
-0.181 
-0.159 
-0.14 
-0.119 
-0.106 
-0.094 
-0.058 
-0.202 
-0.196 
-0.173 
-0.14 
-0.138 
-0.120 
-0.093 
-0.222 
-0.196 
-0.184 
-0.155 
-0.141 
-0.127 
-0.108 
 
 
 4 <" (Matlab) 
     function  [xc,yc,R,a] = circfit(x,y) 
% 
%  [xc yx R] = circfit(x,y) 
% 
%  fits a circle  in x,y plane in a more accurate 
%  (less prone to ill condition ) 
%  procedure than circfit2 but using more memory 
%  x,y are column vector where (x(i),y(i)) is a measured point 
% 
%  result is center point (yc,xc) and radius R 
%  an optional output is the vector of coeficient a 
%  describing the circle's equation 
% 
%  x^2+y^2+a(1)*x+a(2)*y+a(3) = 0 
% 
     x = x(:); y = y(:); 
     a = [x y ones(size(x))]\[-(x.^2+y.^2)]; 
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 4 <" (Matlab) () 
     xc = -.5*a(1); 
     yc = -.5*a(2); 
     R = sqrt((a(1)^2+a(2)^2)/4-a(3)); 
------------------------------------------------------------------------------------------------------- 
%  try_circ_fit 
%  Create data for a circle    
     th = linspace(0,2*pi,100000)'; 
%  R=1.1111111; 
%  sigma = R/10; 
%  x = R*cos(th)+randn(size(th))*sigma; 
%  y = R*sin(th)+randn(size(th))*sigma; 
     y = xlsread('Uxy.xls','A15:A60'); 
     x = xlsread('Uxy.xls','B15:B60'); 
  
     plot(x,y,'x'), title(' measured points') 
     pause(2) 
 
%  reconstruct circle from data 
     [xc,yc,Re,a] = circfit(x,y); 
     xe = Re*cos(th)+xc; ye = Re*sin(th)+yc; 
     
%  plot(x,y,'o',[xe;xe(1)],[ye;ye(1)],'-.',R*cos(th),R*sin(th)), 
     plot(x,y,'o',[xe;xe(1)],[ye;ye(1)],'-.',xc,yc,'x'), 
     title(' measured and fitted data') 
     legend('measured','fitted','center') 
     text(xc-20000,yc-5000,sprintf('center (%g , %g );  R = %g',xc,yc,Re)) 
     xlabel x, ylabel y  
     axis equal 
 
  
 
 
 
 
 
 
 
 
  
Abstract—In this research, the use of light beam size to design 
the adjustable mirror bender is presented. The focused beam line 
characterized by its size towards the synchrotron light beam line is 
investigated. The COSMOSWorks is used in all simulation 
components of curvature adjustment system to analyze in finite 
element method. The results based on simulation covers the use of 
applied forces during adjustment of the mirror radius are presented.  
 
Keywords—light beam-line, mirror bender, synchrotron light 
machine.  
I. INTRODUCTION 
HE new developments and advances in science and 
technology have been experienced in the few past decades. 
The applications of these new inventions are found in many 
systems. One of these applications is the synchrotron light 
machine.  
The Synchrotron light is the electromagnetic radiation 
emitted when electrons, moving at velocities close to the speed 
of light, are forced to change direction under the action of a 
magnetic field. The synchrotron light is unique in its intensity 
and brilliance and it can be generated across the range of the 
electromagnetic spectrum: from infrared to x-rays. 
Applications of synchrotron light are used in many aspects 
such as physical science, biological physics and so forth. The 
synchrotron light machine is composed of many important 
parts including the beam line system. This system comprises 
many parts such as vacuum tube, vacuum chamber and 
especially, optical equipments. The optical equipments are 
mirror grating and crystal etc. functioning to select 
wavelength, size and focusing of beam light that point at study 
sample. One of the important techniques in synchrotron 
applications is X-PEEM (X-ray Photoemission Electron 
Microscopy) applying in nano-structure spectroscopy and  
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even in taking photo in micro-nano scale. The principle of X-
PEEM is to use suitable soft X-rays or vacuum ultraviolet 
range to excite electron in atom of sample emitted from sample 
for studying its photoelectron. Photoelectron energy depends 
on energy levels of atom, type of atom and wavelength of 
exciting x-rays. Photoelectrons having diameters about 2-100 
microns are emitted collected and amplified by equipments 
that similar to use in SEM (scanning electron microscopy). 
Amplified electron is brought to image on screen as shown in 
figure 1 that able to measure in chemical analysis of minute 
area (<100 nanometer) . Intensity or contrast of picture that 
images on screen is the characteristics of surface, type of atom, 
work function of material and/or characteristic of magnetic 
domain. 
New beam-line system has been constructing in Siam 
Photon lab at SLRI (Synchrotron Light Research Institute). It 
will use synchrotron light produced from an undulator machine 
to apply for X-PEEM technique and PES (Photoemission 
spectroscopy) [1]. Optical equipments of the beamline shown 
in figure 2 consist of a mirror TO to focus synchrotron light 
into S1 of monochromater. Part of the monochromator is to 
start at inlet S1 to outlet S2. Behind monochromator, light is 
able to use either X-PEEM or PES technique by moving in and 
out of M2Cy mirror. This work points at focusing system of X-
PEEM technique for focusing synchrotron light on sample in 
microscale and keeping most part of light is in right position of 
X-PEEM microscope for high performance. 
. 
 
 
Fig. 1 Diagram of PEEM at BL7.3.2 of Advanced Light. 
 
Focusing system behind monochromater is composed of 
M2V and M2H mirrors that have cylinder surface to focus 
light in vertical and horizontal, respectively. M2H has constant 
radius on surface so that size of beam on sample is about 150 
microns. On the other hand, M2V is able to adjust curvature 
radius value for selecting the beam size in vertical. Required 
curvature radius is in between 50,000mm to 60,000mm. 
Investigation on Adjustable Mirror bender 
Using Light beam Size 
A. Oonsivilai, A. Suthummapiwat, and P.Songsiritthigul 
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Fig. 2 Diagram of optical alignment of BL3 [1] 
 
Therefore, all parts of light are on FOV (Field of view) of 
microscope XPEEM (2-150 microns). This technique is 
relative to beam size hitting to sample and amplified system of 
microscopy technique. Beam adjustment is significant so that 
mirror bender system is needed and used to change the focus 
of beam position on sample as shown in figure 3. Hence, beam 
adjustment on sample is worked by changing curvature radius 
of mirror related to FOV of X-PEEM.  
The relation between the entrance armlength ( r , or the 
source distance), the exit armlength ( 'r , or the image distance), 
the angle of incidence (α ) and  the radius of curvature of 
cylindrical surface ( R ) is given by the Equation 1 
 
                  
2 2
'
cos cos 2cos
r r R
α α α
+ =                     (1) 
 
Figure 3 shows that the smallest beam occurs when 
curvature radius of mirror is forced to focus beam in as same 
position as sample. Beam size is able to adjust by changing 
focusing point at before or behind sample. In general, mirror 
base for beam focusing in UV range is made from Zerodur or 
Silicon coated metallic thin film that is good in reflection such 
as gold or nickel. For M2V mirror will be built from Zerodur 
material which is mixed between glass and ceramic and has 
nearly zero thermal expansion (+ 0.15x10-6 /oC) at room 
temperature.  
Beam adjustment for minute size is complex and difficult 
for giving precise moment or accuracy force [2] that this is an 
important thing and interesting to design and build the 
mechanical movement in the first time in our country. 
II. DESIGN OF TWO-ARM MIRROR BENDER SYSTEM 
To design and develop two-arm mirror bender that 
SolidWorks program is used to design each part of its 
structure. When the whole parts are constructed, its system is 
tested and simulated by relative equation between force and 
changing curvature radius of mirror. By simulation, the mirror 
is Al Alloy(6061) compared to Zerodur material. Cosmos 
program combined with SolidWorks is used for finite element 
method and simulation of force to act on the system. Results 
from the simulation obtain and analyze for building a real 
system. 
 
Fig. 3 Beam adjustment on sample by changing curvature radius of 
mirror 
A. Theory and calculation 
     General equation for the moment at end of both sides of a 
mirror is set catch confiscated M1 = hF1 and M2 = hF2. The 
adjustment of the radius of curvature of a mirror bender can 
accurately be analyzed using the theorem of beam [3]. 
Changing the shape of the beam under the moments M1 and 
M2, as shown in figure 4, can be explained by the differential 
equation given in Equation 2 for visual effects [4]. 
         
                             
2
1 2 2 1
2 2
F F F Fd z h
x
dx EI L
 + −   
= +    
    
                      (2) 
 
where E  is the young modulus, h  is the distance between 
perpendicular force and the ration center of the beam. 
3( /12)I t w=  is the moment of inertia, where t  is the thickness, 
w  is the width and L  is the length of mirror, z  is the distance 
along axis of curve change and x  is the length along  axis of 
mirror. 
Changing the radius of curvature of the mirror can obtained 
from the equation R ≈ 1/(d2z/dx2) ≈EI/hF, In taking the 
moment between both systems allows the nucleus to change or 
spindle unalike. Therefore, a constant factor must be added 
into equation. The value of the bending loss factor is a 
constant which depends on the system design [5], available 
only from experiments. Therefore, equation 2 will be modified 
by multiplying the loss bending-factor. 
 
     Fig. 4 Diagram of structure of mirror bender system 
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B. Mechanical design 
This research concentrates to two-arm curvature adjustment 
for a prototype having dimension of 320mm x 160mm x 
134mm. All components are made in the country. The 
advantage of the two-arm curvature adjustment is based on the 
ability to apply force freely in centric system. Software that 
assists in design the system is Solidworks. Structures of the 
two-arm curvature adjustment are shown in figure 5. The 
curvature adjustment of the system counts on taking moment at 
edge of both sides of arm [6].  
Most of structures are made in machine shop at Synchrotron 
Light Research Institute (Public organization) since it is easy 
to change, add and develop all of components further. Figure 6 
and table I show details and all of components of the system. 
 
 
 
 
Fig. 5 Structure model of mechanism two-arm bender design. 
 
 
 
Fig. 6 Component of curvature adjustment system 
 
 
TABLE I 
DETAILS OF MECHANICAL PARTS OF CURVATURE ADJUSTMENT SYSTEM 
No. Detail 
1 Mirror 
2 Top clamper 
3 Arm bender 
4 Arm combiner 
5 Shaft 
6 Right plate for bender 
7 Base plate for bender 
8 Left plate for clamper 
9 Right Mirror clamper 
10 Left Mirror clamper 
11 Pulling up bar 
12 I bridge 
13 Bender handle 
14 Bracket for SP 
15 BS 6267 RBB-1015-Full,DE ,AC,Full_68 
III. FINITE ELEMENT METHOD SIMULATION     
All simulation components of curvature adjustment system 
are designed and used COSMOSWorks to analyze in finite 
element method. The test of mechanical system is to find the 
relation between various forces that are applied and variation 
of curvature radius of mirror to obtain. Furthermore, the apply 
force to make failure of the system takes into account. 
 
A. COSMOSWorks characteristics 
This project uses COSMOSWorks engineering program to 
use FEA (finite element analysis) in analysis of characteristics 
of mirror such as strength and curvature of mirror by applying 
force to the system. Solidworks and COSMOSWorks program 
work together and link information between. All components 
of the system create on Solidwork and analyze with 
COSMOSWorks. Analysis process starts from meshing 
geometry into small elements linked together. FEA uses partial 
differential equation rendering and finding the approximating 
system. Steps of the process divided into three basic processes 
as follow: 
1. Preprocessing is to assign suitable material properties, 
and apply boundary conditions in the form of restraints 
and loads. 
2. Solution is to calculate and solve the resulting set of 
equations. 
3. Postprocessing is to view the results in forms of plots, 
contour diagrams etc. 
In FEA simulation, properties of mirror defined are Al 
Alloy(6061) and Zerodur [7] as shown in table II and table III, 
respectively. Both materials have a dimension of 40mm x 
300mm x 15mm. However, this research especially considers 
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to simulate the holder set of mirror and mirror shown in figure 
7. 
 
 
TABLE II 
PROPERTIES OF AL ALLOY(6061) 
Property Value Unit  
Elastic Modulus 69,000 N/mm2 
Poissons Ratio 0.33 
- 
Shear Modulus 26,000 N/mm2 
Thermal Expansion Coefficient 2.4x10-5 
- 
Density 0.0027 g/ mm3 
Thermal  170 W/ m K 
Conductivity 1,300 J/Kg K 
Specific Heat 124.084 N/mm2 
Tensile Strength 
Yield Strength 
55.1485 
N/mm2 
 
 
 
TABLE III 
PROPERTIES OF ZERODUR 
Property Value Unit 
Abbe’ Constant 66 - 
Dispersion (nf-nc) 0.00967 - 
Density 2,530 kg/m3 @ 25 C. 
Young’s’ Modulus 9.1x109 N/m2 
Poisson’s Ratio 0.24 - 
Specific Heat 2.99329 J/Kg K 
Coefficient of Thermal Expansion 0.05+-0.10x10-6   /C.  (20-30 C.  ) 
Maximum Temperature 600 C. 
 
 
 
 
Fig. 7 Simulation of system by COSMOSWorks 
IV. RESULTS AND DISCUSSION     
From simulation results, various forces plotted are shown in 
figure 8 and 9. The results from simulation are brought to math 
lab to find curvature radius and indicate that the more 
increasing force, the more decreasing curvature radius. The 
relation between applied force and variation of curvature 
radius is shown in table IV and figure 10. Half of structure is 
used as there is symmetric shape and it saves time when 
running simulation.   
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Fig. 8 Relationship between Al-Alloy(6061)  
position and gaining distance 
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Fig. 9 Relationship between Zerodur position and gaining distance 
Figure 10 shows the results from two (3) and (4) that input of 
load force set 50-350 N is in function of invitation of curvature 
radius [8]. The simulation results are summarized in Table V. 
 
RAl Alloy(6061)  = -3E-07x5 - 0.181x3 + 42.63x2 - …………          
                                       5221x +   31371             (3) 
 
TABLE IV 
VARIATION OF CURVATURE RADIUS TO LOADING FORCE APPLYING TO 
SYSTEM BETWEEN AL-ALLOY (6061) AND ZERODUR 
Al Alloy (6061) Zerodur 
Force 
(N) Radian (mm) Force (N) 
Radian 
(mm) 
10 556,051.00 10 731,806.00 
50 138,868.00 50 182,034.00 
100 71,633.30 100 93,859.80 
150 48,283.50 150 63,239.80 
200 36,411.00 200 47,679.70 
250 29,230.70 250 38,259.20 
300 24,411.30 300 31,954.60 
350 20,957.20 350 27,437.70 
 
World Academy of Science, Engineering and Technology 62 2010
98
  
 
 
 
 
 
 
 
 
 
0 50 100 150 200 250 300 350 400
0.00E+0
2.00E+4
4.00E+4
6.00E+4
8.00E+4
1.00E+5
1.20E+5
1.40E+5
1.60E+5
1.80E+5
2.00E+5
Al Alloy (6061)
Zerodure
Loaded f orce (N)
R
a
di
u
s
 
(m
m
)
 
Fig. 10 Relationship between loading force and variation of 
curvature radius 
 
TABLE V 
 THE  LOADING FORCE AND CURVATURE RADIUS FROM SIMULATION  
Force (N) Radius (mm) 
10 556,051.00 
50 138,868.00 
100 71,633.30 
150 48,283.50 
200 36,411.00 
250 29,230.70 
300 24,411.30 
350 20,957.20 
400 31,575.10 
RZerodur         = 1E-09x6 - 2E-06x5 + 0.001x4 - 
………………0.400x3 + 75.88x2 -8,034x +  43,720      (4) 
 
where x is the value of the force to a system in Newton unit 
and R is the radius of curvature change is in millimeter unit. 
V. CONCLUSION 
This research presents the development of mirror curvature 
adjustment system for synchrotron light to apply in beamline 3 
at Synchrotron light research institute (Public organization).  
Design processes have complexity since knowledge of 
engineering has to be applied such as mechanical, electrical, 
computer and physics etc. This design system is two-arm 
curvature adjustment which has the advantage of adjusting 
force freely to both sides of arm. In a case of system assembly 
or installation might shift the center its system out from 
position making the ease of focusing beam hitting on the most 
of Field of view of X-PEEM technique for high accuracy and 
performance.  
The simulation results of curvature adjustment system 
suitable for using in curvature radius of 50,000-60,000 mm 
range. In this range, it is able to focus all parts of beam light 
hitting on field of view of X-PEEM measurement. In addition, 
loading force at 50-100 N are suitable for Al Alloy(6061) 
material having dimension of 300mm x 40mm x 15mm. The 
loading force in real experiment result is less than 50 N in 
FEA simulation results that helping less system damage. The 
different result of both results occurs since all mechanical parts 
of the system operate and some forces passes through them as 
virtual force to start initial stage of the system.  
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